
D
 

 

 

ROS homeostasis and 

pimaricin production in 

Streptomyces natalensis 

ATCC 27448 

 
Deconstructing ROS-based 

signalling in secondary 

metabolism 
 

 

 

Tiago Alfredo Rodrigues Beites 
Programa Doutoral em Biologia 
Departamento de Biologia 

2013 

 

Orientadora 

Marta Vaz Mendes, Investigadora Auxiliar, IBMC - Instituto de 

Biologia Molecular e Celular , Universidade do Porto, 

Portugal 
 

Coorientador  

Fernando Manuel dos Santos Tavares, Professor Auxiliar, 

Faculdade de Ciências da Universidade do Porto, Portugal 

 

Coorientador  

Jesús Manuel Aparicio Fernández, Professor Titular de 

Universidad, Universidad de León, Espanha 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O trabalho apresentado nesta tese foi realizado no Instituto de Biologia 

Molecular e Celular (IBMC), Universidade do Porto e no Instituto de Biotecnolgia 

(INBIOTEC), Universidad Léon, e teve o apoio financeiro do Fundo Europeu de 

Desenvolvimento Regional (FEDER) pelo Programa Operacional Factores de 

Competitividade (COMPETE) e da Fundação para a Ciência e a Tecnologia (FCT) 

através dos projectos FCOMP-01-0124-FEDER-022718 (PEst/SAU/LA0002/2011) e 

FCOMP-01-0124-FEDER-007080 (PTDC/BIO/64682/2006) e da bolsa 

SFRH/BD/40100/2007. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

Acknowledgements 

 Gostaria de agradecer ao Professor Doutor Pedro Moradas-Ferreira por me ter 

aceite no seu grupo de investigação. 

 À minha orientadora Doutora Marta Vaz Mendes pela tua incansável 

dedicação, paciência e capacidade de liderança. O trabalho que desenvolvemos nem 

sempre foi fácil... Mas orgulho-me pelo que conseguimos. Acima de tudo pela tua 

amizade.  

 Ao meu co-orientador Professor Doutor Fernando Tavares pela sua 

disponibilidade e opinião crítica. 

 A todos os meus colegas dos grupos MCA RCS e BSM, o vosso 

companheirismo é, de facto, excecional. De todos, perdoar-me-ão que faça breves 

referências a algumas pessoas: ao Pedro por me ensinar a apostar nas experiências 

que funcionam; à Catarina ‘Coronel’ Pacheco por me pedir com tanta diligência 

primers que funcionam e sequências de qualidade e por me pôr sempre a par do que é 

a ciência de ponta; à Catarina Santos por perderes o teu tempo com as minhas 

questões nem sempre importantes com tanta disponibilidade e pelo teu sentido de 

humor muito especial; ao Nuno por ser o ‘comandante’ e por mostrar que um homem 

de família pode continuar a ser aquilo que se pode chamar um ‘ganda maluco’; ao 

‘Aloísio’ simplesmente por ser aquilo a que se pode chamar um puto porreiro; ao 

grande Rui por ter sido um pupilo tão dedicado (mesmo com a minha ausência mental) 

e pelo bom ambiente que criaste no grupo; à Rute Pati por ter entrado de forma 

fulgurante em diferentes sectores da minha vida e ainda bem que o fizeste; à Sara 

Silva por ter sido a contratação do ano, por ter aquela alegria e disponibilidade para as 

coisas boa da vida, vamos sentir a tua falta! 

 A mi líder en España Profesor Jesus Aparicio, por tu disponibilidad, inteligencia 

y sentido práctico. Gracias por todo. A todas las personas de Inbiotec y, en especial, a 

mis compañeros de cuarto Claudia (o meu refúgio português no laboratório; obrigado 

por toda a tua ajuda e disponibilidade), Tamara y Javi, gracias por vuestra amistad y 

capacidad de recibir un foráneo. A António Y Cármen por todo conocimiento y ayuda 

con las micromatrices. A Vanesa, porque eres una amiga y eso lo dice todo! 

 Aos meus amigos. As palavras que vos escrevo são insuficientes para 

descrever o quão importantes são para mim. Os mais antigos (já lá vão 10 anos...): 

Bruno ‘Rabibi’ o irmão perdido, daquelas amizades que ficará para sempre e mais não 

preciso dizer; Carlos ‘Azi o faroleiro’, o romântico do século XIX e mais um daqueles 

que fica para sempre; Mister José Maurinho, é impossível estar mal-disposto contigo, 

vais longe no mundo do futebol meu bom amigo; André o ‘Konami’ no meio da tua 



vi 

 

maluquice, és um amigo e isso é o que importa. Ciências nunca mais foi a mesma 

faculdade. Desde ‘choves’ não sei onde suas ... do monte até ao jogging especial que 

fizemos numa célebre tarde, as histórias são infindáveis. Ter-vos conhecido num só 

ano é uma daquelas singularidades que me fazem sentir um homem de sorte. Aos 

menos antigos: Sílvia a cantadeira com um coração do tamanho do mundo e com 

aquela qualidade indizível que faz de ti uma ‘miúda’ muito especial; Rita de feitio 

(dizem) difícil, mas que a mim nunca demonstrou nada mais do que uma inabalável 

amizade e isso não tem preço; Luís Melo, o homem que foi para Braga e diversificou 

as saídas para a loucura, sentido de humor muito especial e um amigo daqueles; 

Rodrigo ‘loddy’ o grande companheiro de aventuras e desventuras no ‘istrangeiro’ e na 

bola de todas as semanas, o amigo constante e inabalável que tenho a sorte de ter. 

 Ao Fernando, Filomena e Sílvia obrigado por me serem família no verdadeiro 

sentido da palavra.  

 Á minha família. O meu pilar desde sempre. Meu mano Xandinho, o respeito e 

amor que te tenho são infinitos. És O amigo de sempre e para sempre! À Aidinha pela 

sua doçura e amizade que nos conquistou a todos. Meu pai, ensinaste-me desde tenra 

idade o valor do livre pensamento e a vontade de pensar para além do óbvio. 

Agradeço-te todo o teu esforço na minha educação como homem. Minha mãe, uma 

mulher tão corajosa quanto sensível, ensinaste-me os valores do trabalho e da 

honestidade. O teu amor é aquela constante que me conforta em todos os momentos. 

 Ana. És simplesmente o que de melhor me aconteceu na vida. Não sei se 

alguma vez te conseguirei dizer o quanto me és... 

 

 

 

 

 

 

 



vii 

 

Publications 

Journals with peer-review: 

Beites T., Pires S.D.S., Santos C.L., Osório H., Moradas-Ferreira P., Mendes M.V. 

(2011) Crosstalk between ROS Homeostasis and Secondary Metabolism in S. 

natalensis ATCC 27448: Modulation of Pimaricin Production by Intracellular ROS. Plos 

One 6(11): e27472. (Annex III) 

 

In preparation: 

Beites, T, Rodríguez-García, A,  Aparicio, J.F., Moradas-Ferreira P., Mendes M.V. 

(2013) Identification of ROS-related bottle-necks in pimaricin biosynthesis by 

Streptomyces natalensis ATCC 27448: an interspecies microarray approach.  

 

Patent: 

MV Mendes, T Beites, SD Pires, CL Santos, P Moradas-Ferreira (2011). Method of 

production of natamycin and mutant strains. Provisional Patent Application PPP 

105848. Filed 5th Aug2011. (Annex IV) 

 

 

 

 

 

 

 

 

 

 





ix 

 

Abstract 

Streptomycetes are well-known for their ability to synthesise a wide range of 

secondary metabolites in a process that is strongly affected by oxygen availability. 

Although oxygen is essential, its metabolism generates reactive oxygen species (ROS) 

that are potentially harmful for the cell. Due to their highly reactive nature ROS 

intracellular levels are subjected to a strict regulation. When an imbalance in ROS 

homeostasis occurs, cells have the ability to adapt by activating signalling networks 

that ultimately affect different cellular processes.  

Streptomyces natalensis ATCC 27448 oxidative stress response integrates the 

complementary action of a monofunctional catalase, KatA1, and the alkylhydroperoxide 

reductase system, AhpCD, to detoxify hydrogen peroxide (H2O2). Interestingly, in iron-

supplemented media KatA1 seemed to be the primary line of defence against H2O2. 

The response to hydrogen peroxide is controled by two transcription regulators: CatR 

and OxyR. CatR is a Fur-like protein that controls katA1 transcription in an iron- and 

H2O2- dependent way, while the LysR-type regulator, OxyR, governs the transcription 

of ahpCD in response to H2O2. Regarding the superoxide anion, S. natalensis ATCC 

27448 expresses two superoxide dismutases – an iron-containing SOD (SodF) and a 

nickel-containing SOD (SodN) – whose trancript levels are modulated that by the nickel 

content in the medium putatively through the action of the Fur-like transcription 

regulator Nur. 

The adaptive physiological response of S. natalensis upon the addition of 

exogenous H2O2 in iron-supplemented cultures, suggested that the modulation of the 

intracellular ROS levels could alter the production of pimaricin. The defective mutants 

on the ROS-related antioxidant enzymes SodF, AhpCD and KatA1 and the 

transcriptional regulator CatR, as well as the overexpression of SodF resulted in an 

effective and enduring modulation of intracellular ROS. Physiological characterization 

of these mutant strains revealed different behaviours regarding pimaricin specific 

production: whilst the SodF and CatR defective mutants presented low pimaricin 

production when compared with the wild-type, the mutants defective in KatA1 and 

AhpCD and the strain overexpressing SodF, behaved as pimaricin overproducers. 

Furthermore, the increase of H2O2 intracellular levels, either by activation of SodN in 

the sodF mutant or by the addition of H2O2 to the culture broth in the katA1 and 

ahpCD mutants, was correlated with an increase in pimaricin specific production.  

Interestingly, the development program was also altered in some of the 

constructed mutant strains, particularly in the catR and katA1 knock-out strains. The 
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latter mutant strains displayed a bald phenotype, suggesting that catalase activity may 

affect morphological differentiation.  

The analysis of sodF and ahpCD transcriptomes through an interspecies 

microarray and subsequent physiological characterisation pointed out to some 

metabolic pathways that may underlie the crosstalk between ROS intracellular levels 

and secondary metabolism. In particular, both mutant strains had the carbon flux 

preferentially rerouted to the Pentose Phosphate Pathway (PPP), which may have 

increased the production of NADPH as a compensatory mechanism against oxidative 

stress. Moreover, sodF presented an impaired TCA cycle which might lead to a 

decrease of the NADH intracellular levels. Consequently, the transcription of the nuo 

operon, encoding the NADH dehydrogenase, was down-regulated. Both strains also 

presented the transcription of phosphate related genes up-regulated, although at 

different growth phases. The pimaricin biosynthetic gene cluster transcription was 

repressed at exponential phase and induced at stationary ophase in both mutants. 

Regarding the branched-chain amino acid (BCAA) biosynthesis and catabolism, the 

mutant strains showed opposite behaviours: both pathways were down-regulated in 

sodF strain and up-regulated in ahpCD strain. 

The results obtained with this work demonstrate that the effect of an imbalance 

in ROS intracellular levels in S. natalensis goes beyond the oxidative stress response. 

In fact, it was observed an intricate adaptive response that included several primary 

metabolism pathways, secondary metabolism (pimaricin production) and the 

development program. 

 

Keywords: Streptomyces, reactive oxygen species, oxidative stress response, 

antioxidant enzymes, primary metabolism, secondary metabolism, pimaricin 

production, morphological differentiation. 

 

 

 

 

 



xi 

 

Resumo 

Streptomycetos são microrganismos capazes de sintetizar uma grande 

variedade de metabolitos secundários, num processo que é dependente da 

disponibilidade de oxigénio. Apesar de o oxigénio ser indispensável, o seu 

metabolismo tem como consequência inevitável a formação de espécies reactivas de 

oxigénio (ERO). Devido à sua elevada reatividade, as EROs são capazes de causar 

dano oxidativo em muitos componentes da célula, daí que os seus níveis intracelulares 

estejam sujeitos a uma regulação estrita. Assim, quando se verifica um desiquilíbrio na 

homeostase das ERO, a célula é capaz de se adaptar ativando diferentes vias de 

sinalização que irão afectar diferentes processos celulares. 

 A resposta ao stresse oxidativo desencadeada por Streptomyces natalensis 

ATCC 27448 compreende as ações complementares da catalase monofuncional 

KatA1 e do sistema da alquilhidroperóxido reductase AhpCD para destoxificar o 

peróxido de hidrogénio (H2O2). Em culturas suplementadas com ferro verificou-se que 

KatA1 funcionava como a principal defesa contra o H2O2. A resposta ao H2O2 é 

controlada por dois reguladores de transcrição: CatR e OxyR. CatR é uma proteína do 

tipo Fur que controla a transcrição de katA1 de uma forma dependente do ferro e do 

H2O2, enquanto que OxyR é uma proteína do tipo LysR que controla a transcrição de 

ahpCD em resposta ao H2O2. A destoxificação do anião superóxido em S. natalensis 

ATCC 27448 é protagonizada por duas superóxido dismutases – superóxido 

dismutase de ferro (SodF) e superóxido dismutase de níquel (SodN) – cujos genes são 

regulados em resposta aos níveis de níquel do meio de cultura possivelmente através 

da acção de uma proteína do tipo Fur denominada Nur. 

 A resposta adaptativa de S. natalensis ATCC 27448 à adição de H2O2 em 

culturas suplementadas com ferro indicou que a alteração dos níveis intracelulares de 

ERO era capaz de modular a produção de pimaricina. Mutantes com deleções nos 

genes que codificam as enzimas antioxidantes SodF, AhpCD e KatA1 e no regulador 

de transcrição CatR, bem como a sobre-expressão de SodF levaram a uma alteração 

dos níveis intracelulares de ERO. A caracterização fisiológica das estirpes mutantes 

supra-mencionadas revelaram diferenças quanto ao seu perfil de produção de 

pimaricina: as estirpes mutantes com deleções em sodF e catR demonstraram 

produzir menos pimaricina que a estirpe selvagem, enquanto que as estirpes mutantes 

com delecções em katA1 e em ahpCD e a estirpe com sobre-expressão de SodF 

produziram mais pimaricina que a estirpe selvagem. Para além deste efeito, foi 

observado que o aumento dos níveis intracelulares de H2O2 seja pela ativação da 
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transcrição de sodN na estirpe sodF, ou pela adição de H2O2 às culturas de katA1 e 

ahpCD também levaram a um aumento da produção de pimaricina. 

Além do efeito ao nível do metabolismo secundário, foi também observada uma 

alteração da morfologia em alguns dos mutantes, em especial nas estirpeskatA1 e 

catR. Estas estirpes demonstraram um fenótipo ‘bald’, isto é são incapazes de gerar 

micélio aério. Estes resultados implicam a atividade de catalase no processo de 

diferenciação morfológica.   

A análise dos transcriptomas de sodF e ahpCD através de um ‘microarray’ 

inter-espécies e posterior caracterização fisiológica permitiram a identificação de 

diferentes vias metabólicas que poderão mediar a interacção entre as EROs 

intracelulares e o metabolismo secundário. Ambos os mutantes demonstraram uma 

indução da via das pentose fosfato em comparação com a estirpe selvagem, o que 

poderá ter levado a um aumento dos níveis intracelulares de NADPH. Demonstrou-se 

que a estirpe sodF apresentava um ciclo de ácidos tricarboxílicos deficiente, o que 

poderá ter levado a uma diminuição da concentração intracelular de NADH. Em 

consequência, a transcrição do operão nuoA1-A2, que codifica uma NADH 

desidrogenase encontrava-se reprimida em sodF. Os mutantes sodF e ahpCD 

apresentaram ainda a sobre-expressão de genes envolvidos no metabolismo do 

fosfato. No entanto, esta ativação ocorreu em differentes fases do crescimento. Os 

níveis de transcritos do agrupamento de genes responsável pela biossíntese de 

pimaricina encontrava-se reprimido na fase exponencial e sobre-expresso na fase 

estacionária tanto em ahpCD como em sodF. A transcrição de genes que codificam 

proteínas das vias de biossíntese e degradação dos amino ácidos de cadeia 

ramificada estava reprimida em sodF e induzida em ahpCD.  

Os resultados obtidos neste trabalho demonstraram que, em S. natalensis, o 

efeito do desequilibrio ao nível das ERO intracelulares vai para além da resposta ao 

stresse oxidativo. De facto, foi observada uma resposta intrincada que incluiu 

diferentes vias metabólicas do metabolismo primário, do metabolismo secundário 

(produção de pimaricina) e do programa de desenvolvimento. 

 

Palavras-chave: Streptomyces, espécies reactivas de oxigénio, resposta ao 

stresse oxidativo, enzimas antioxidantes, metabolismo primário, metabolismo 

secundário, produção de pimaricina, diferenciação morfológica. 
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1.1 The genus Streptomyces  

1.1.1 General characteristics 

Streptomyces is a genus of the phylum Actinobacteria. This phylum constitutes 

a very robust phylogenetic group of Gram-positive bacteria with high G+C content [1]. 

The high G+C content in Actinobacteria ranges from 54 % in some Corynebacterium 

strains to over 70 % in the Streptomyces genus [2].  

Streptomyces is assigned to the group of strictly aerobes with differentiating 

hyphal growth and formation of large spore chains. Moreover, it presents a cell wall of 

type I with LL-Diaminopimelic acid in the peptidoglycan composition and a cellular 

membrane whose characteristic phospholipid is phosphatidiletanolamine [3, 4].  

Modern streptomycetes share a common ancestor that lived about 440 million 

years ago, which was coincident with the land colonization by plants [5]. Therefore, it is 

likely that these bacteria took an important role regarding the evolution of the soil 

environment. Indeed, the great majority of Streptomyces are soil-dwelling bacteria 

armed with vast weaponry of extracellular hydrolytic enzymes that allow the utilisation 

of nutrients locked in polymers. The chitin and cellulose hydrolytic enzymes (chitinase 

and cellulase) are good examples of this feature [5]. In addition to this terrestrial 

saprophytic way of life, some Streptomyces are able to colonise other environments 

like deep-sea sediments (e.g. Streptomyces indicus [6]), or living as parasites in plants 

(e.g. Streptomyces scabies [7]) and even in humans (e.g. Streptomyces sudanensis 

and Streptomyces somaliensis [8]).  

The existence of different and fine tuned  antioxidant mechanisms in 

Streptomyces, like the H2O2-sensor CatR that activates the transcription of a catalase 

[9], is a clear evidence of the adaptation to an oxygen-based environment. 

Nevertheless, the full sequence of Streptomyces coelicolor A(3)2 genome showed the 

presence of three copies of the operon narGHJI that encode an enzymatic complex 

associated with nitrate respiration [10]. In addition, genes encoding enzymes involved 

in fermentative processes were also identified, such as lactate dehydrogenase (vanH 

and dldH2) [10]. Moreover, it was shown that S. coelicolor presents growth in 

anaerobic conditions [11]. Even though to date there is not sufficient evidence to state 

that Streptomyces are facultative aerobes, it would not be surprising if such alternate 

metabolism could be activated in response to certain conditions. The soil is an ever-

changing environment with different levels of aeration and thus this putative anaerobic 

metabolism may be an adaptive mechanism to temporal anoxic conditions. 
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Other interesting and perhaps the most noticeable characteristic of 

Streptomyces is their ability to produce a wide range of secondary metabolites with 

diverse biological activities. From an anthropocentric point of view, streptomycetes are 

regarded as microscopic “pharmaceutical factories” able to synthesise secondary 

metabolites with many useful applications, such as immunosuppressant agents, anti-

cancer agents and antibiotics. In nature, Streptomyces synthesise these compounds to 

gain a competitive advantage over the microorganisms that share the same habitat. In 

addition, it has been suggested that secondary metabolites may serve a more complex 

role in the communication intra and inter-species [12].  

1.1.2 Genetic characteristics 

 Streptomycetes present linear chromosomes with a size that range from 8 to 10 

Mb and are among the largest bacterial genomes [10]. S. coelicolor A3(2) was the first 

streptomycete whose genome was fully sequenced [10]. The chromosome of S. 

coelicolor A3(2) is 9.05 Mb, with 8300 putative genes and 8153 putative proteins and a 

G+C content of 72 %   (http://www.ncbi.nlm.nih.gov/genome). Due to the high G+C 

content, streptomycetes uses preferably codons that contain these nucleotides in the 

third position and thus the codons TTA (leucine), CTA (leucine) and TTT 

(phenylalanine) are rarely found [13]. The origin of replication (oriC) is located in the 

centre of the linear chromosome, from which the bidirectional DNA replication occurs 

[14, 15].  The 5’ ends of the chromosome seem to be replicated with the help of 

covalently linked proteins that can function as primers to the action of the DNA 

polymerase in the synthesis of the last Okasaki fragment [16]. This mechanism 

resembles the function of telomeres in eukaryotic chromosomes. The extremities of the 

chromosome comprise a variety of inverted and repeated sequences, also known as 

terminal inverted repeats (TIR) that present a variable size (24 to 600 kb), according to 

the strain. Furthermore in the vicinity regions of the chromosomal extremities it also 

can be found a high number of direct repeats, insertions and transposable elements 

[17]. All together, these genetic characteristics are thought to be the cause of the high 

genetic instability displayed by many Streptomyces. Indeed, these bacteria are known 

to undergo major spontaneous mutations that include chromosome amplifications or 

deletions, or even the appearance of circular forms that are far more instable than the 

linear ones [18, 19].    

 With the Next-Generation Sequencing techniques, the number of bacterial 

genomes fully sequenced has been increasing rapidly. In NCBI database, fifteen fully 

sequenced and annotated genomes are deposited. The analysis of the genomic 

http://www.ncbi.nlm.nih.gov/genome
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organisation of Streptomyces revealed that genes associated with primary metabolism 

are located in the centre of the chromosome - the core genome (4 - 6 Mb) [10, 20]. The 

chromosome extremities include genes related with adaptive responses to the 

surrounding media, including the genes that encode proteins involved in the 

biosynthesis of secondary metabolites [10, 19, 20]. Furthermore, by genome 

comparison with other Actinobacteria, it was shown that the core genes reveal a high 

degree of synteny, while the extremities are more prone to present genes with few or 

no orthologues in Actinobacteria and with low synteny [10, 19, 20].  

Besides the typical localisation “out of the core”, the genes involved in the 

synthesis of secondary metabolites are most commonly grouped in biosynthetic gene 

clusters. The most common composition of these gene clusters includes genes 

encoding proteins that catalyse the synthesis of the compound per se, proteins that 

add special features to the chemical structure, like the inclusion of a mycosamine 

group, proteins involved in the export of the molecule and pathway-specific regulators 

that directly control the transcription of the gene cluster [21-23]. This characteristic is 

not unique of Actinobacteria, e.g. the genes encoding the proteins necessary to 

produce toxins in cyanobacteria often present this gene cluster arrangement [24]. Each 

Streptomyces genome has in average more than twenty biosynthetic gene clusters with 

potential to produce different molecules. Interestingly, many of these clusters are 

cryptic, i.e. are not transcribed [25]. The presence of cryptic gene clusters has caught 

the attention of researchers, due to the potential new molecules that could be isolated 

by genome mining.  

Streptomycetes usually present extra-chromosomal elements in the form of 

linear or circular plasmids that can include the necessary elements to be transferred by 

conjugation to other microorganisms.  Although not frequent, some plasmids contain 

biosynthetic gene clusters, for example the megaplasmid pSCL4 (1.8 kb) of S. 

clauvligerus [10]. In addition, it can also be found Actinomycete integrative and 

conjugative elements (AICE) that present both plasmid-like and bacteriophage-like 

features and include mobile genetic islands and conjugative transposons [26, 27]. AICE 

replicate along with the host chromosome, and upon certain stimuli, are capable of 

excise, conjugate with a new host and integrate in the host chromosome by site-

specific recombination in specific tRNA encoding genes [26, 27]. Transposon elements 

are also a common feature among Streptomyces. Some bacteriophages with double-

stranded DNA are capable of infecting Actinobacteria (actinophages) and integrate in 

the chromosome [17]. 
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1.1.3 Life cycle 

The typical life cycle of Streptomyces is of great complexity (Fig.1.1), when 

compared with the majority of prokaryotes, since it combines stages of hyphal growth 

and differentiation with the formation of resistance cells (spores). Spores are non-

motile and unigenomic cells with thickened cell walls that present resistance to dry and 

acidic environments. The perception of favourable conditions triggers spore 

germination, which marks the beginning of the life cycle. At the energetic expense of 

the disacharide trehalose, germ tubes start to develop and grow apically, forming 

hyphae that will grow and branch in the ‘pursue’ of nutrients [28]. Ultimately this 

vegetative growth will give rise to an intricate network of branched multi-chromosomic 

hyphae that constitutes the vegetative mycelium. Upon exhaustion of nutrients 

availability in the surrounding media, as well as other environment signals, vegetative 

mycelium undergoes a morphological differentiation into the generation of a white-

coloured mycelium – the aerial mycelium. This process is accompanied with massive 

cell lysis, which will provide the necessary nutrients to undergo morphogenesis. Aerial 

mycelium presents a characteristic cell wall covered by a hydrophobic rodlet layer, 

which is composed by hydrophobic peptides known as rodlins and chaplins. Along with 

morphogenesis it also occurs the onset of secondary metabolism, i.e. a physiological 

differentiation. Interestingly, the regulatory cascades that govern the morphological- 

and physiological differentiation share many components, which indicates that these 

processes constitute a coordinated response [29]. When the growth of aerial mycelium 

ceases, aerial hyphae start to form multiple septa, giving rise to unigenomic spores, 

which by their turn have the ability to restart the life cycle.  

Throughout the more than fifty years of streptomycetes genetics research 

various point mutations leading to morphological impaired phenotypes (bald or white 

phenotypes) have been identified. The bald phenotype is characterised by a growth 

arrest at the vegetative mycelium stage; thus, the lack of aerial mycelium gives the 

colony a ‘bald’ aspect. In most cases, this phenotype is associated with a blockage on 

secondary metabolites production. The loci whose point mutations were proven to 

cause this phenotype were firstly denominated as the bld genes [30, 31]. More 

recently, other genes were reported to be essential for aerial mycelium formation, 

namely the ram and chp genes. The ram genes (ramCSAB) form an operon with their 

positive transcription regulator encoding gene ramR and codify SapB, an important 

surfactant that helps on the erection of aerial mycelium [32]. The chp genes encode 

chaplins, a family of hydrophobic proteins that confer hydrophobicity on aerial hyphae 

and spores by entering in the constitution of the cell wall-associated rodlet layer [33]. 
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Interestingly, the transcription of ram and chp is blocked in most of the bld mutants, 

suggesting that bld gene products play a key role in the regulatory cascade that 

triggers aerial mycelium formation [34]. A special case within this set of genes is bldA 

that encodes a leucyl-tRNAUUA. It is estimated that only 2 - 3 % of the Streptomyces 

genes contain the codon TTA. Strikingly, the majority of these genes are involved in 

morphogenesis and secondary metabolism [35]. Thus, the repression or impairment of 

bldA transcription results in a hampered translation of proteins that are crucial not only 

for the morphological differentiation, but also for the secondary metabolism. 

 

 

Fig.1.1 - Life cycle of Streptomyces. Image modified from Mendes, MV et al. 2002 [36]. Microscopy images from 

Claessen, D et al. 2006 [29] and Piette, A et al .2005 [37]. 

  

 The white phenotype can be defined as the inability to form spores and thereby 

the mycelium lacks the grey or brownish colouration typical of spores. The loci whose 

point mutations led to a white phenotype were designated as the whi genes [38]. These 

genes were found to encode regulatory proteins involved in the different stages of 

spore formation. As examples of Whi proteins function temporal coordination, it can be 

highlighted WhiG, WhiB and WhiH. The mutation of whiG that encodes a sigma factor 

was reflected in a growth arrest at the early stages of aerial mycelium formation [39], 

whereas mutations in whiB gave rise to well-developed aerial mycelium, albeit with no 
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sporulation septa [40]. By its turn, the deletion of the GntR-family transcription regulator 

encoding gene whiH resulted in strains with well-developed aerial mycelium and 

occasional formation of sporulation septa [41]. 

1.2 Primary metabolism 

1.2.1 Carbon metabolism 

Life as we know it is carbon-based. Thus, the mechanisms that go from the 

uptake of carbon sources to the metabolic pathways that allow the utilisation of those 

carbon sources are vital for all organisms. In fact, carbon metabolism provides 

important intermediates and co-factors for different cell processes.  

1.2.1.1 Uptake of carbon sources  

Glucose uptake in Streptomyces is mainly performed by the glucose permease 

GlcP, a protein that belongs to the Major Facilitator Superfamily (MFS) [42]. S. 

coelicolor genome contains two homologous genes encoding GlcP: glcP1 and glcP2 

[10]. Recently, a study performed in S. coelicolor showed some evidences for a direct 

interaction between GlcP1 and glucose kinase (Glk) that seems to be crucial to a 

functional permease activity [43]. The authors established a model in which GlcP1 

forms a functional permease complex with Glk, so that glucose is rapidly 

phosphorylated upon its entrance; after phosphorylating glucose, Glk detaches from 

Glcp1 and exert carbon catabolite repression (CCR) [43].  

Apart from glucose permeases, streptomycetes also possess ATP-binding 

cassettes permeases (ABC) and phosphoenolpyruvate (PEP)-dependent 

phosphotransferase systems (PTS) for the uptake of carbon sources [42]. The ABC 

permeases described in Streptomyces include proteins involved in the transport of 

cellobiose and cellotriose, -glucosides, lactose, maltose, maltodextrins, ribose, sugar 

alcohols, xylose and b-xylosides [42]. By their turn, PTS are mainly used by 

streptomycetes to internalize fructose and N-acetylglucosamine [44-46].   

1.2.1.2 Carbon catabolite repression 

Streptomycetes have the ability to grow on different carbon sources, which they 

use in a preferential manner; in the presence of a readily usable carbon source, like 

glucose, it occurs a repression of other carbon utilisation pathways [47]. The main 

signalling pathway responsible for this phenomenon is CCR. Interestingly, unlike B. 

subtilis, where PTS plays a central role [48-50], in streptomycetes, CCR is mainly 
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controlled by the glucose kinase Glk [43]. Some studies have been suggesting that Glk 

interacts with transcription factors, such as GylR (glycerol utilisation operon) and MalR 

(maltose utilisation operon) [51-55], which is consistent with its role on CCR.  

1.2.1.3 Central Carbon Metabolism: 

 The central carbon metabolism (CCM) can be regarded as the network of 

metabolic pathways that allow an efficient utilisation of carbon. The main metabolic 

pathways are glycolysis (or Embden-Meyerhof-Parnas pathway), pentose phosphate 

pathway (PPP), Embden-Doudorof pathway and the TCA cycle. A general overview of 

this network is represented in Fig.1.2. 

Glycolysis, or Embden-Meyerhof-Parnas pathway, is a series of ten reactions, 

in which glucose is oxidised into two molecules of pyruvate, with a net production of 

two ATP, two NADH and two pyruvate molecules. It is present in all branches of life – 

Bacteria, Archea and Eukarya – for which it is believed to be one of the oldest 

biochemical pathways [56].   

Among the glycolytic enzymes, two have been extensively studied in 

Streptomyces: glucose kinase, for its role in CCR, and phosphofructokinase (Pfk) that 

phosphorylates fructose-6-phosphate (F6P). This latter enzymatic step constitutes an 

important branching point in CCM, since F6P is irreversibly committed with glycolysis. 

S. coelicolor possesses three ATP-dependent Pfk: PfkA1, PfkA2 and PfkA3 [10]. 

Among these enzymes, PfkA2 was described as the major responsible for the overall 

Pfk activity in S. coelicolor [57]. A pfkA2 mutant strain revealed an actinorhodin and 

undecylprodigiosin overproducing phenotype, as well as an augmented carbon flux 

through PPP [57]. This outcome was explained through the increased concentration of 

intracellular NADPH, which is an important co-factor for the synthesis of many 

antibiotics [57].  

Some reports have implicated other glycolytic enzymes in secondary 

metabolism, such as glyceraldeheyde-3-phosphate dehydrogenase (GAPDH). GAPDH 

is responsible for the conversion of glyceraldeheyde-3-phosphate (GAP) into glycerate-

1,3-biphosphate and it is known to be highly susceptible to oxidative stress [58, 59]. 

Streptomyces clavuligerus genome contains two GAPDH genes: gap1 and gap2 [60]. 

The generation of a double mutant gap1/ gap2 led to a clavulanic acid 

overproducing strain, which was explained as a consequence of the accumulation of 

the clavulanic acid precursor GAP [61, 62].  
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Fig.1.2 - Overview of the central carbon metabolism pathways that are active in Strepromyces spp. Each 

metabolic pathway is delimitated by a coloured square: glycolysis in green (1), pentose phosphate pathway in red (2), 

Entner-Doudoroff pathway in orange (3), tricarboxylic acid cycle with the glyoxylate shunt in blue (4) and 

gluconeogensesis in yellow (5). The intermediate compounds are represented in black letters and the enzymes/ genes 

are represented in grey letters. The genes here represented correspond to the loci present in S. avermitilis MA-4680 

genome and the gene names are in accordance with the S. avermitilis MA-4680 genome project 

(http://avermitilis.ls.kitasato-u.ac.jp/). Genes that are not present in S. avermitilis MA-4680 genome are identified as: 

*
SCO

, S. coelicolor A3(2); *
STE

,
 
S. tenebrarius strain TD507. n.f. – not found in Streptomyces. In some cases acronyms for 

the intermediate compounds and enzymes were used (see list of abreviations). 

 

PPP is an alternative to glycolysis where no ATP is produced. This metabolic 

pathway is divided in two phases: the oxidative and the non-oxidative. The oxidative 

phase starts with the oxidation of glucose-6-phosphate by glucose-6-phosphate 

dehydrogenase (G6PDH) into 6-phospho-D-gluconolactone (key step in the redirection 

of carbon flux through PPP), which is further metabolized into ribulose-5-phosphate, 

with the production of two NADPH molecules. The non-oxidative phase comprehends 

the interconversion of different pentoses, catalysed by transketolase and transaldolase. 

http://avermitilis.ls.kitasato-u.ac.jp/
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In Streptomyces, G6PDH has been thoroughly studied due to its key role in 

carbon flux. S. coelicolor and the closely related S. lividans harbour two G6PDH genes 

- zwf1 and zwf2. The reorientation of carbon flux towards glycolysis seems to exert a 

positive effect over antibiotic production [63]. Nevertheles, the deletion of zwf2 in S. 

coelicolor resulted in decreased actinorhodin production, implying that a functional PPP 

is important for the production of secondary metabolites [64].  

Combining the abovementioned examples regarding the influence of carbon flux 

over secondary metabolism, it is not clear if glycolysis should be preferably activated 

over PPP, or vice-versa. Nevertheless, it is likely that the optimal distribution of carbon 

flux for secondary metabolites production is a strain- and/or metabolite-dependent 

phenomenon.  

Entner-Doudoroff Pathway is a less efficient alternative to glycolysis. Entner-

Doudoroff also uses glucose-6-phosphate as the first precursor, which is transformed 

into one GAP and one pyruvate, with the formation of one NADPH molecule. Among 

streptomycetes there is only one reported case of an active Entner-Doudoroff pathway 

and it occurs in Streptomyces tenebrarius [65].  

The TCA cycle is a series of reactions that release chemical energy stored in 

the two-carbon acetyl group of acetyl-CoA, under aerobic conditions. Acetyl-CoA 

enters the TCA cycle through the condensation with oxaloacetate, in a reaction 

catalysed by citrate synthase. In the subsequent reactions four electrons are removed 

from the carbon intermediates and transferred to three NAD+ and one FAD+, one GTP 

molecule is formed by substrate-level phosphorylation and two CO2 molecules are 

released. The NADH and FADH2 formed during this process are mainly used as 

electron donors for the respiratory chain. Additionally, the TCA cycle intermediates are 

also important for their role as substrates in a variety of biosynthetic reactions.  

In most Streptomyces, the TCA cycle is fully functional and active [66]. Among 

the TCA cycle enzymes, two have been implicated in morphogenesis: citrate synthase 

and aconitase. The deletion of citA (citrate synthase) in S. coelicolor led to a bald 

phenotype and no antibiotic production in a glucose-dependent way [67]. Studies 

conducted in both S. viridochromogenes Tu494 and S. coelicolor demonstrated that the 

aconitase encoded by acoA was majorly responsible for the overall aconitase activity 

[68-70]. Similarly to citA, the deletion of acoA in S. viridochromogenes Tu494 and S. 

coelicolor resulted in mutant strains with a bald phenotype and the lack of antibiotic 

production in a glucose-dependent way, reinforcing the idea that a functional TCA cycle 

is needed for proper development [68, 70].  
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 Apart from its role in TCA cycle, aconitases have also been described as 

regulatory proteins at the transcriptomic level in Bacillus subtilis [71] and Escherichia 

coli [72, 73]. In E. coli, under oxidative stress, the [4Fe-4S] cluster of the aconitases 

AcnA and AcnB is oxidised and rearranged to a cluster [3Fe-3S]. This rearrangement 

leads to the loss of the TCA cycle catalytic function, but enables aconitase to bind to 3’ 

untranslated regions of the aconitase transcripts, probably stabilizing the mRNA [72]. A 

similar regulatory function was also reported for Streptomyces aconitases and it may 

be one of the mechanisms contributing to the phenotype of acoA knock-out mutants 

[69, 74].  

The glyoxylate shunt is a metabolic pathway crucial to use two-carbon 

compounds as the sole carbon source, since it bypasses the decarboxylating steps of 

the TCA cycle. The enzymatic steps comprised in the glyoxylate shunt are catalysed by 

isocitrate lyase and malate synthase. In E. coli, the transcription of the genes encoding 

the glyoxylate shunt enzymes is repressed by IclR in response to the acetate 

concentration in the environment [75-77]. Indeed, it was shown that in E. coli the 

accumulation of acetate, caused by superoxide stress, resulted in an augmented of 

carbon flux through the glyxoylate shunt [78]. In S. clavuligerus the activities of both 

isocitrate lyase and malate synthase were shown to be induced in cultures with acetate 

as the sole carbon source [79, 80].   

1.2.2 Nitrogen metabolism 

Nitrogen is an indispensable nutrient for life, for it is a constituent of major 

biomolecules like proteins and nucleic acids. Bacteria, like plants and archaeobacteria, 

assimilate nitrogen through ammonium, which is obtained from different sources, such 

as nitrogen fixation, nitrate reduction, amino acid catabolism, urease activity and simple 

ammonium uptake [66].  

In Streptomyces, there are few reported cases of nitrogen fixation; the best 

studied example is Streptomyces thermoautotrophicus that uses a molybdenum 

dinitrogenase coupled with a manganese superoxide oxidoreductase [81]. The nitrate 

reduction process is present in many streptomycetes, namely in S. coelicolor, where 

three functional nitrate reductases (NAR) were isolated and characterised [82]. The 

usage of ureases is also a well documented process for obtaining ammonium in 

Streptomyces, as well as the amino acids catabolism [83].   
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1.2.2.1 Ammonium assimilation 

In most bacteria species, ammonium can be assimilated through the action of 

gluatamine dehydrogenase (GD) or by the jointly action of glutamine-synthetase (GS) 

and glutamate synthetase (GOGAT). In a rich-nitrogen media, GD is preferably used, 

while in a poor-nitrogen media, GS and GOGAT are the enzymes responsible for 

ammonium assimilation. In most environments nitrogen is a limiting factor, thus the 

GS/GOGAT pathway is the major assimilation pathway among bacteria [84]. 

In contrast with other bacteria that normally possess only one gene encoding a 

GS, S. coelicolor genome harbours five genes: glnA, glnII, glnA2, glnA3 and glnA4 [10, 

85]. The glnA gene encodes the heat-stable GSI that is considered the housekeeping 

GS in S. coelicolor [84]. The regulation of GSI activity is performed at the protein level 

by the adenyltransferase GlnE. When in high-nitrogen concentrations, GlnE 

deactivates GSI by transferring an adenyl group, whereas, when in a low-nitrogen 

concentration environment, GlnE deadenylates and consequently activates GSI [86]. 

The glnII gene codifies the heat-labile GSII, which seems to be more related with the 

eukaryotic-type GS [87, 88].  

1.2.2.2 Regulatory network 

In S.coelicolor the global nitrogen metabolism is governed by the OmpR-family 

transcriptional regulator GlnR [89, 90]. The characterisation of GlnR showed that it 

interacts with the promoters of both glnA and glnII, as well as the promoter of the 

operon that comprises amtB (putative ammonium transporter), glnK and glnD [84, 91]. 

Additionaly, a second regulator was described – GlnRII. Although GlnRII binds to the 

same promoters of GlnR, the latter protein is the principal regulator of nitrogen 

metabolism [84].  

1.2.2.3 Amino acid metabolism 

The products dervied from amino acids catabolism are amongst the most used 

precursors for the production of secondary metabolites in streptomycetes. Perhaps the 

best example is the degradation of branched-chain amino acids (BCAA), namely 

valine, leucine and isoleucine catalysed by the branched-chain--keto acid 

dehydrogenase complex that results in the formation of various fatty acyl-CoAs, such 

as acetyl-CoA and methylmalonyl-CoA [92, 93]. These compounds can be utilised as 

‘building blocks’ for a wide range of polyketides and polyethers [92, 93].  
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 The biosynthesis of isoleucine and valine shares the same enzymatic steps, 

albeit the precursors are different (Fig. 3). In the case of valine the precursor is 

acetolactate, while the isoleucine precursor is acetohydroxybutyrate. Leucine is derived 

from the last intermediate of the valine biosynthesis – ketoisovalerate (Fig.1.3) [66]. 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.3 - Overview of the BCAA 

biosynthetic pathway. The 

intermediate compounds are 

represented in black letters and the 

enzymes/genes in grey letters. The 

gene names correspond to the loci 

present in S. avermitilis MA-4680 

genome (http://avermitilis.ls.kitasato-

u.ac.jp/). For enzyme acronyms see 

list of abreviations.  

 

In enterobacteria, genes involved in the amino acid biosynthesis are frequently 

regulated by attenuation. This regulatory mechanism is characterised by the presence 

of stem loop structures upstream of the mRNA translational start site that have the 

ability to block gene transcription – the attenuator region [94, 95].  

In what it concerns to streptomycetes, it was found classical attenuation 

sequences upstream of S. coelicolor leuA and ilvB. However, the replacement of 

important codons in the attenuator peptide encoding ORF did not repress the promoter 

activity of ilvB and exerted a limited effect over the leuA promoter. These results clearly 

pointed out to other regulatory systems governing the transcription of ilv and leu genes 

[96]. 

Recently it was reported the characterisation of an IclR-family transcription 

regulator that directly binds to the leuCD operon, AreB in S. clavuligerus [97] and its 

homologue NdgR in S. coelicolor and S. peucetius [98]. In S. clavuligerus, the gene 

areB is located upstream of the leuCD operon (leucine biosynthesis) and it was 

demonstrated that it directly binds to the intergenic region of areB and leuCD [60, 97]. 

In fact, transcriptomic analysis of areB showed that leuC transcript levels were much 

http://avermitilis.ls.kitasato-u.ac.jp/
http://avermitilis.ls.kitasato-u.ac.jp/
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lower in the mutant strain than in the wild-type. Moreover, AreB also binds to the 

promoter region of the clavulanic acid pathway specific regulator ccaR. The ccaR 

transcript levels in the areB deleted mutant were higher than the wild-type [97]. This 

outcome was accompanied with an increase in the clavulanic acid production.  

Transcriptomic analysis performed in a S. coelicolor ndgR deleted mutant 

revealed that the transcription of leuCD operon was down-regulated, when compared 

with the wild-type. Moreover, it was also reported that the glutamine metabolism related 

genes glnA and glnR were overexpressed and the transcription of the antibiotic 

pathway-specific regulators redZ and actII-ORF4 was down-regulated and up-

regulated, respectively. Further characterisation of NdgR showed that it binds to the 

promoter regions of scbR and scbA and leuCD. ScbR is a transcription regulator that 

senses -butyrolactones (quorum-sensing signals) and controls the transcription of 

several genes involved in different cell processes, like secondary metabolism and 

morphogenesis, as well as its own encoding gene [99]. By its turn, ScbA is a putative 

fatty acid synthetase that synthesises -butyrolactone [100]. The direct regulation of the 

leuCD operon was in agreement with the results obtained for AreB in S. clavulgerus. 

Additional physiological characterisation by protein two-dimensional electrophoreses 

showed that the antioxidant enzymes Fe/Zn superoxide dismutase and catalase, as 

well as the aminotransferase encoded by ilvE were overexpressed in the ndgR 

mutant [98]. In summary, this regulator action exceeds the control of leucine 

biosynthesis, influencing in a direct or indirect way different metabolic processes such 

as secondary metabolism, quorum sensing, global nitrogen metabolism and antioxidant 

defences. 

The catabolism of BCAA is mainly performed by the sequential action of valine 

dehydrogenase and the branched-chain -keto acid dehydrogenase (BCDH) complex. 

This pathway produces short branched-chain carbonyl-CoAs (isobutyryl-CoA, 2-

methylbutyryl-CoA and 2-methybutyryl-CoA) that can be used by type I PKS as starter 

units [101], e.g. the S. avermitilis avermectin PKS utilise isobutyryl-CoA and 2-

methylbutyryl-CoA [102]. Further catabolism of these branched-chain carbonyl-CoAs 

provide the cell with other important thioesters like acetyl-CoA and methylmalonyl-CoA 

that can be used by both type I and type II PKS [103]. 

Valine dehydrogenase (VDH) is encoded by vdh and it catalyses the oxidative 

deamination of BCAA, as well as some of their analogues [66]. The BCDH complex is a 

multienzyme complex composed by four domains: a branched-chain -keto acid 

dehydrogenase and decarboxylase (E1a and E1b), a dihydrolipoamide acyltransferase 

(E2) and a dihydrolipoamide dehydrogenase (E3) (Fig.1.4) [66]. 
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Fig.1.4 - Overview of the BCAA 

catabolic pathway. The intermediate 

compounds are represented in black 

letters and the enzymes/genes are 

represent in grey letters. The genes 

here represented correspond to the loci 

present in S. avermitilis MA-4680 

genome and the gene names are in 

accordance with the S. avermitilis MA-

4680 genome project 

(http://avermitilis.ls.kitasato-u.ac.jp/). 

For enzyme acronyms see list of 

abreviations.  

 

The BCDH genes are arranged in a cluster that encodes E1a (bkdA), E1b 

(bkdB) and E2 (bkdC). Although the heterologous expression of bkdA and bkdB in E. 

coli showed BCDH activity, the deletion of these genes in S. avermitilis did not lead to 

any phenotypic changes, pointing out to a compensatory effect [104]. Indeed, it was 

shown that S. avermitilis harbours a second BCDH gene cluster (bkdFGH), which is a 

unique feature among bacteria [102]. The bkdF gene was disrupted and the derived 

strain showed no BCDH activity and did not grow in minimal media plates with 

isoleucine, leucine or valine as the sole carbon sources. As abovementioned the 

products of the BCDH complex activity are used in avermectin production, thereby the 

bkdF mutant strain was only able to produce avermectin in media supplemented with 

the BCAA degradation intermidiates 2-methylbutyrate and isobutyrate [102]. In S. 

coelicolor, the generation of a bkdA1B1C1 gene cluster deleted mutant (homologous to 

S. avermitilis bkdFGH), resulted in a strain unable to grow on BCAAs as the sole 

carbon source and produced 50 % less actinorhodin than the wild type [103]. As 

observed in S. avermitilis, the addition of the BCDH complex end-products to the media 

rescued the antibiotic production [103]. The transcription regulation of this gene cluster 

is not yet unveiled, although it is known that it is highly transcribed in vegetative 

mycelia and transcribed at a smaller extent after morphological differentiation [105]. For 

the second BCDH complex genes (bkdA2b2C2) it is described a functional repressor 

named BkdR that belongs to the Lrp-family of transcription regulators [105]. The BkdR 

encoding gene is located upstream and divergently transcribed from the bkdA2b2C2 

operon. Interestingly, the transcription of the bkdA2b2C2 operon showed a transient 

increase during the onset of aerial mycelia formation, indicating that its transcription is 

tightly regulated during morphogenesis. The BkdR homologue in P. putida is activated 

http://avermitilis.ls.kitasato-u.ac.jp/
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by an increase in the BCAA concentration [106]. Thus, given that the aerial mycelium 

formation is accompanied with massive cell lysis and proteolysis, it is probable that the 

BCAA content peaks during morphogenesis. This putative rise in BCAA content may 

alter BkdR conformation, derepressing the BCDH complex gene cluster [105]. 

Moreover, a bkdR deleted mutant strain showed a white phenotype and failed to 

produce actinorhodin [105].   

1.3 Secondary metabolism 

 Secondary metabolism can be defined as the anabolic pathways that do not 

belong to the primary metabolism, i.e. that are not vital to the cell. Nevertheless, this is 

a reductionist and fuzzy definition, since primary and secondary metabolism display an 

intimate interplay. In fact, there are compounds involved in processes like quorum 

sensing (e.g. -butyrolactones) and metal acquisition (e.g. siderophores) that seem to 

be important for growth and development, which difficult their classification as 

secondary metabolites [107].  

Another factor of complexity in the definition of secondary metabolism comes 

from their function in nature, e.g. the function of compounds that so far did not present 

any biological activity or that do not provide any clear advantage to the producing 

organism [107]. Furthermore, even the metabolites with an antibiotic activity (e.g. 

antibacterial or antifungal agents) that were thought to confer an adaptive advantage 

over competitor organisms are now being associated with a different role. The 

concentrations of secondary metabolites found in nature are extremely low and, in the 

case of antibiotic agents, are usually at sub-lethal concentrations [108]. Thus, it has 

been proposed that some of these secondary metabolites may be involved in inter- or 

intra-species communication [12].  

In laboratory conditions, production of secondary metabolites by Streptomyces 

occurs in a growth phase dependent manner [109]. In solid media the onset of 

secondary metabolism is coincident with the morphological differentiation into the aerial 

mycelium, while in submerged cultures secondary metabolites start to be synthesised 

at late exponential phase or at early stationary phase [109]. Regarding the 

physiological differentiation in Streptomyces liquid cultures it is described that after a 

first round of rapid growth (denominated RG1) it occurs a growth arrest accompanied 

with a metabolic switch from primary to secondary metabolism. Afterwards, a second 

round of rapid growth occurs (RG2) [110]. This metabolic switch is mainly triggered by 

nutrient scarcity and thereby resembles the developmental program that culminates 

with aerial mycelium [110, 111]. In fact, a recent study showed that S. coelicolor 
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mycelium undergoes morphological differentiation in submerged cultures during the 

metabolic switch [112]. During the first round of growth, mycelium is highly septated 

and grows in a radial pattern forming cell pellets (primary mycelium). Then, cell death 

occurs in the centre of the pellets and a multinucleated mycelium with the ability to 

produce secondary metabolites arises (secondary mycelium) [112]. 

1.3.1 Multi-layered regulation of secondary metabolism in Streptomyces  

 As previously stated, secondary metabolism is intimately related with the growth 

phase and it is modulated upon endogenous and exogenous signals. Among the 

endogenous signals it can be highlighted the function of 5'-diphosphate 3'-diphosphate 

(ppGpp). This compound is synthesised by the ribosome-associated protein RelA upon 

the arrival of tRNAs that do not carry any amino acid. Hence, upon the exhaustion of 

amino acids, the cell accumulates ppGpp, which, by its turn, is a signal involved in the 

onset of secondary metabolism [113]. Regarding the extracellular signalling, perhaps 

one of the most studied cases in Streptomyces is the phosphate scarcity that elicits the 

biosynthesis of secondary metabolites [114, 115]. In addition, quorum sensing signals 

are also involved in secondary metabolism. The well-known modulation of S. griseus 

streptomycin production and morphogenesis in response to the A-factor (a -

butyrolcatone) is a paradigmatic example of this [116, 117].  

 Therefore, to integrate all this information into the development program and 

secondary metabolism a complex network of regulatory systems is needed. In 

Streptomyces this regulatory cascades are arranged in a hierarchical way: at the top, it 

can be found the global regulators that control both development and secondary 

metabolism, which explains the coordination between these processes, whereas the 

bottom of the hierarchy corresponds to regulatory proteins committed with a particular 

metabolic pathway, like the biosynthesis of a specific secondary metabolite. 

Nevertheless, as always, biology does not function in a closed and rigid way and this 

hierarchical model of regulation can be subverted both vertically [118], i.e. from the 

pathway-specific level to the pleiotropic level, and horizontally, i.e. cross-regulation 

between different global regulators [115] and between pathway-specific regulators 

[118].  

1.3.1.1 ArpA/AdpA  

 The production of molecules that function as quorum sensing signals is a well-

established concept in Streptomyces. Among these molecules, the -butyrolactones 

are a paradigmatic example [117, 119]. The streptomycin producer Streptomyces 
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griseus synthesises a -butyrolactone, named A-factor (2-isocapryloyl-3R-

hydroxymethyl--butyrolactone) that control both morphogenesis and secondary 

metabolism. The A-factor is produced constitutively during vegetative growth in a still 

poorly understood biosynthetic pathway. When it reaches a critical concentration, the 

A-factor binds to the transcriptional repressor ArpA that, by its turn, looses affinity to 

DNA, derepressing the transcription of adpA (the only known ArpA target). AdpA is an 

AraC/XylS-family transcription regulator that activates the transcription of different 

genes involved in both morphogenesis (e.g. amfR that encodes a regulator of aerial 

mycelium formation) and secondary metabolism (e.g. strR that codifies a streptomycin 

pathway-specific regulator) – the AdpA regulon [120].  

1.3.1.2 AfsR/AfsS 

 AfsR is a transcription regulator that contains in its N-terminal region a SARP 

(streptomyces antibiotic regulatory protein) DNA-binding domain and ATP-binding 

domains in its central region [109]. In S. coelicolor, at least three different kinases are 

capable of auto-phosphorylation in response to certain envirnmental stimuli and 

transfer the phosphoryl group to AfsR: AfsK, AfsL and PkaG [121]. The phosphorylated 

form of AfsR binds to the promoter region of afsS, activating its transcription [122]. 

AfsS is a small (93 aa) sigma factor-like protein that influences the transcription of over 

117 genes in S. coelicolor, including the pathway-specifc transcription regulator of the 

actinorhodin (actII-ORF4) and undecylprodigiosin (redD) biosynthetic gene clusters 

[123, 124]. In S. griseus this peleiotropic regulatory system was implicated in 

morphogenesis, namely in aerial mycelium formation [125]. 

1.3.1.3 Two-component system PhoRP  

Phosphate is an essential nutrient that enters in the composition of important 

biomolecules, such as nucleic acids, phospholipids and ATP. Thus, the scarcity of this 

nutrient imposes a stressful situation that negatively affects bacterial growth. In 

Streptomyces phosphate limitation is one of the signals that trigger morphogenesis 

[126] and secondary metabolism [114, 115]. Furthermore, physiological studies in 

different Streptomyces revealed that phosphate excess exerts a negative control over 

secondary metabolism, e.g. avermectin production in S. avermitilis [127], actinorhodin 

production in S. coelicolor [128], turimycin production in S. hygroscopicus [129] and 

pimaricin production in S. natalensis [130].  

 Organisms developed different strategies to cope with phosphate-limited 

environments. In bacteria, the response to phosphate scarcity is mainly mediated by a 
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two-component system [131]. These regulatory systems are normally associated with 

the response to environmental signals and are typically composed by a sensor kinase 

and a response regulator. The two-component system controlling the response to 

phosphate-scarcity was identified in both Gram-negative and Gram-positive bacteria, 

per example: PhoRB in E. coli [132] and PhoRP in B. subtilis [133]. In Streptomyces, a 

two-component-system controlling phosphate metabolism was first characterised in S. 

lividans - PhoRP [134]. The sensor kinase PhoR presents a transmembrane domain in 

the N-terminal domain, in accordance with the typical membrane localisation of these 

proteins, and the conserved histidine residue that is phosphorylated. PhoP is a 

transcription regulator from the OmpR-family that presents in the N-terminal region the 

aspartate residue recieves the phosphoryl-group and in the C-terminal region the helix-

turn-helix (HTH) DNA-binding domain. In streptomycetes genomes, the genes that 

encode PhoRP are located contiguously and immediately upstream and divergently 

transcribed it is located phoU [10] that encodes a metalloprotein that has been 

described as a modulator of PhoRP [135]. All three genes are transcribed from a 

bidirectional promoter region that is under the positive control of PhoP (positive feed-

back) [134, 136]. The sequence that it is recognized by PhoP (PHO box) is constituted 

by direct repeat units of 11 nucleotides arranged in tandem [134, 136]. The 

determination of PhoP regulon revealed an interesting pattern that is the repression of 

genes related with central metabolism, secondary metabolism and developmental 

pathways and the activation of genes associated with the uptake of phosphate and the 

availability of phosphate sources [137]. Among the identified PhoP targets it is worth 

noting afsS, undoubtely linking phosphate scarcity with secondary metabolism and 

morphological differentiation. In fact, a recent report has shown that PhoP binds to afsS 

promoter in a region that overllaps with the AfsR binding sequence in S. coelicolor 

[138].  

The role of PhoU was assessed in E.coli PhoRB and according to the proposed 

model, upon excess of phosphate, PhoU inhibits the activity of a phosphate uptake 

transporter (Pst) and inhibits the activity of the two-component system PhoRB [139]. 

The function of PhoU in Streptomyces is not fully comprehended, but it has been 

proposed that it may respond to oxidative stress. Indeed, PhoU contain two metal 

(Fe2+) binding sites and the deletion of phoU in S. lividans resulted in a mutant strain 

highly susceptible to oxidative stress [139, 140] 
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1.3.1.4 SARP proteins: the model pathway-specific regulators 

 In Streptomyces, the transcription of biosynthetic gene clusters is most 

commonly controlled by pathway-specific regulators. SARP are present in many 

biosynthetic gene clusters and are considered to be the paradigm of a pathway-specific 

regulator [141]. The HTH DNA binding domain present in SARP is highly similar to 

OmpR-family regarding both the amino acid sequence and the structure, which makes 

SARP proteins a sub-family of the OmpR-family of transcription regulators [141]. It is 

noteworthy the localisation of the HTH domain in the N-terminal region, which is a 

feature most common to transcriptional repressors rather than transcriptional activators 

[142]. Next to the HTH domain, SARP proteins contain a bacterial transcription 

activator domain (BTAD) [143].  Among SARP, perhaps the most studied are S. 

coelicolor ActII-Orf4 that positively regulates the biosynthetic gene cluster of 

actinorhodin [144], or CcaR that activates the transcription of cephamycin and 

clavulanic acid biosynthetic gene clusters in S. clavuligerus [145].  

1.4 Streptomyces natalensis ATCC 27448: a producer of the 

polyene macrolide pimaricin 

 S. natalensis (Fig.1.5A) was firstly isolated from a soil sample harvested at 

Pietermaritzburg, in Natal province, Republic of South Africa [146]. The great 

importance of this strain comes from its ability to produce the antifungal agent pimaricin 

(also known as natamycin) (Fig.1.5B). In addition, other strains like S. gilvosporeus and 

S. chatanoogensis were also identified as pimaricin producers. Pimaricin is a polyene 

macrolide that can be used as food addictive to prevent mold contamination in non-

sterile crops, being the only polyene macrolide approved by the Food and Drug 

adiministration and the European Union as a legal food addictive (E-235). From a 

clinical point of view, pimaricin is primarily used in ophthalmology for the treatment of 

keratitis and keratomycosis. The safeness of this compound is related to its specific 

affinity to the fungi cytoplasmatic membrane ergosterol and thus the low affinity to the 

mammalian cytoplasmatic membrane. 

 Although S. natalensis genome is not sequenced, the pimaricin biosynthetic 

gene cluster has been fully sequenced and characterised (GenBank accession 

numbers: AJ278573, AJ585085, AM493721 and FM864219) [22, 23, 147-149]. In 

addition, other S. natalensis sequences are available in NCBI database, namely the full 

sequence of the 9.4 kb plasmid pSNA1  (GenBank accession number: AJ243257) 

[150], the phosphate scarcity regulatory genes phoU and phoRP (GenBank accession 
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number: AM176576) [130] and the -butyrolactone related genes sngR, sngA and sngB 

(GenBank accession number: AY919297) [151, 152].   

 

 

 

Fig.1.5 – The pimaricin producer S.natalensis ATCC 27448.  (A) Sporulating S. natalensis ATCC 27448 colonies.     

(B) Pimaricin chemical structure. The coloured squares highlight the different specific features of pimaricin chemical 

structure, namely the double conjugated bonds (orange), the lactone group that cyclises the macrocyclic ring (yellow), 

the epoxi group (red), the internal hemiacetal ring (green), the carboxylic group (blue), the mycosamine group (gray).  

1.4.1 Polyeketides: a biosynthetic and chemical context pimaricin 

1.4.1.1 Polyketide synthases 

The biosynthesis of polyketides comprises the successive condensation of 

precursor molecules – short chain acyl-CoA – through the action of multi-function 

enzymes named polyketide synthases (PKS) that resembles the mode of action of the 

fatty acid synthase (FAS) [153]. PKS can be subdivided in three main groups: type I, II 

and III. 

Type I PKS, or modular PKS, are large multifunctional enzymes that include 

different domains with diverse catalytic activities grouped in modules (type I PKS are 

also known as modular PKS). PKS include at least the three domains responsible for 

an elongation cycle, also known as minimal module: acyl transferase (AT) that selects 

the extender unit used in the successive condensation steps; -ketoacyl-ACP-synthase 

(KS) that catalyses the decarboxylative condensation of a new extender molecule in 

the growing polyketide chain; acyl carrier protein (ACP) that acts as a carrier of the 

growing polyketide chain and presents it to the adjacent enzymatic domain. In addition, 

domains that alter the reduction state of the keto groups may also be present: 

ketoreductase (KR) that reduces the keto groups into a hydroxyl group; dehydratase 

(DH) that is responsible for the dehydration of enoyl groups; enoylreductase (ER) that 
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catalyses the reduction of enoyl groups to the correspondent alkane group. Along with 

the elongation process, the polyketide chain is presented successively to the different 

modules (collinearity), in a way that each module only operates once over the 

polyketide chain. The last module releases the polyketide chain from the ACP – 

thioesterase activity (TE) [22, 23, 154]. 

Type II PKS, or iteractive PKS, are multienzymatic complexes, in which the 

different enzymatic activities are catalysed by different proteins that interact with each 

other in the elongation of the polyketide chain. Each PKS has three enzymes 

responsible for the elongation of the polyketide chain: KSa that presents KS and AT 

activities; KSb or chain elongation factor (CEF) that controls the number of cycles of 

elongation; ACP. The reduction of the keto groups is only present in enzymes with KR 

activity. Hence, the molecules synthesised by these PKS are in a less reduced state 

than the ones synthesised by the type I PKS. Other enzymatic activities comprise, for 

example, cyclases and aromatases that contribute to the formation of the characteristic 

aromatic ring [155]. 

Type III PKS are very different from the other PKS both structurally and 

functionally. These enzymes are interacting KS homodimers that use directly the 

precursor molecules acyl-CoA, in an ACP-independent way. Type III PKS are 

essentially found in plants, even though they have been identified in bacteria, including 

Streptomyces [156]. 

1.4.1.2 Chemical structure 

Chemically, polyketides can be divided into three main groups: the aromatic 

polyketides, the macrocyclic polyketides and the polyether polyketides.  

Aromatic polyketides are characterised by the inclusion of an aromatic ring in 

their structure and are synthesised by type II PKS. In general, the biosynthesis of these 

compounds use as starter and extender units malonyl-CoA, even though the utilisation 

of acetil-CoA, propionyl-CoA or isobutiril-CoA were also reported, especially as starting 

units. The most studied representative of this group is the well-known blue-pigment 

actinorhodin produced by S. coelicolor. Tetracyclines that are widely used as 

antibacterial agents also belong to the group of aromatic polyketides [157].    

Macrocyclic polyketides are constituted by large macrocyclic rings synthesised 

by type I PKS that are commonly functionalised by post-PKS chemical modification. 

This group of molecules can be further divided into polyene macrolides that are 

characterised by the presence of two to eight double conjugated bonds and non-

polyene macrolides that present macrocyclic rings with twelve to sixteen carbons and 
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do not present conjugated double-bonds in the macrocyclic ring. Regarding biological 

activity, polyene macrolides are known by their antifungal activity (e.g. pimaricin and 

nystatin), whereas non-polyene macrolides are potent antibacterial agents (e.g. 

erythromycin) [158, 159]. 

Polyether polyketides are linear molecules with a polyene back bone 

synthesised by a type I PKS that can undergo oxidative cyclisation catalysed by an 

epoxidase and one or more epoxide hydrolases to generate the characteristic pattern 

of ether bonds. Monensins A and B are polyether polyketides widely used in veterinary 

medicine as antibacterial agents, due to their ability to transport metal cations through 

cellular membranes (ionophores) [160, 161]. 

1.4.2 Pimaricin: chemical structure and mode of action  

 Pimaricin presents a macrocyclic ring with twenty-six carbon atoms, four 

conjugated double bonds, an epoxi group between C4 and C5 and a mycosamine 

group at C15. Moreover, the pimaricin chemical structure includes an internal 

hemiacetal ring between C9 and C13 with a carboxylic group at C12 derived from the 

oxidation of a methyl group (Fig.1.5B). 

 The conjugated double bonds and the presence/absence of a mycosamine 

group are the main characteristics of polyene macrolides accounting for their 

interaction with the sterols of fungal membranes (ergosterol) and, consequently, their 

strong antifungal activity [162]. The mode of action of the glycosylated polyene 

macrolides nistatin and amphotericin B comprises the binding to ergosterol and the 

formation of straight pores that cause an efflux of monovalent cations like K+, causing 

cell death [163]. By their turn, non-glycosylated polyene macrolides like filipin form 

complexes with the membrane sterols (these compounds do not bind specifically to 

ergosterol, in fact they present affinity to cholesterol and thus are highly toxic for 

mammalian cells) between the double phospholipid layer altering the membrane 

permeability and leading to cell lysis [162]. Pimaricin is a small glycosylated polyene 

macrolide and initially was thought to act according to the cell permeability paradigm. 

Nevertheless, recent studies showed that pimaricin antifungal activity comes from the 

inhibition of important fungal cell processes that rely on the ergosterol-protein 

interactions (e.g. endocytosis and vacuole fusion), through specific ergosterol binding 

[164].  
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1.4.3 Pimaricin biosynthesis 

 The pimaricin biosynthetic gene cluster (Fig.1.6) has been fully sequenced and 

thoroughly studied. The sequences that are deposited in the NCBI database show a 

cluster of nineteen genes spanning a region of approximately 100 kb.  

 From the pimaricin biosynthetic gene cluster, five genes encode modular PKS 

(pimS0, pimS1, pimS2, pimS3 and pimS4). These PKS contain all the modules 

necessary for the synthesis of pimaricin polyketide back bone (pimaricinolide): PimS0 - 

loading module; PimS1 - modules 1 to 4; PimS2 - modules 5 to 10; PimS3 - module 11; 

PimS4 - module 12. Six genes encode proteins involved in post-PKS modifications of 

pimaricinolide (pimC, pimD, pimF, pimG, pimk and pimJ), three genes codify for 

proteins putatively involved in the export of pimaricin (pimA, pimB and pimH) and four 

genes specify proteins involved in different layers of the regulatory network that 

governs pimaricin production (pimE, pimM, pimR and pimT). Finally, pimI encodes an 

enzyme with TE activity (unrelated to the TE domain present in PimS4) that seems to 

be involved in a process of quality control in the polyketide chain elongation process 

[22, 23, 147-149]. 

 Regarding the transcriptomic units in the pimaricin biosynthetic gene cluster, the 

following multicistronic mRNAs were described (Fig.1.6): pimS4S3S2, pimAB, and 

pimCGFS0 [165]. The other pim genes are transcribed as monocistronic mRNAs. 

 

 

 

Fig.1. 6 - Pimaricin biosynthetic gene cluster. The nineteen genes composing the pimaricin biosynthetic gene cluster 

are represented by different colours, according to the function: type I PKS (grey), post-PKS modifications (orange), 

pimaricin export (yellow), pathway-specific transcriptional regulators (dark blue) and other regulatory mechanisms (light 

blue). The black arrows represent the multicistronic mRNAs [165]. 

 

 The synthesis of pimaricinolide (Fig.1.7) starts in the loading module present in 

PimS0. The peculiar structure of this module comprises several domains disposed 

sequentially from the N-terminal into the C-terminal region: acyl-CoA ligase, ACP, -

ketoacyl synthase-serine (KSS), AT and another ACP. In the proposed model, the acyl-

CoA ligase activates an acetate that will be transferred to KSS through the action of the 

N-terminal ACP. In turn, KSS transfers the acetyl group (without decarboxylation) to the 
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C-terminal ACP that will further transfer the acetyl group to the N-terminal KS of the 

PimS1 module 1. The latter module will catalyse the first elongation cycle 

(decarboxylative condensation) using malonyl-CoA as the extender unit. The following 

modules repeat the action performed by module 1 in successive decarboxylative 

condensations, using as extender units: 12 acetyl groups from malonyl-CoA and          

a   propionate  from  methylmalonyl-CoA  (introduced  by  the module  7  of  PimS2). 

 

 

Fig.1.7 - Pimaricinolide biosynthesis by the type I PKS. Each circle represents an enzymatic domain (see text). Light 

blue circle indicates the At domain from module 7 (pimS2) that includes propionateas an extender unit. Non-functional 

domains are indicated by crosses. PimS0 and products – green; PimS1 and products – red; PimS2 and products – blue; 

PimS3 and products – purple; PimS4 and products – yellow. Adapted from Aparicio, JF. et al. 2000 [23] 
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Module 1 (pimS0) and module 9 (PimS2) include non-functional domains.  Finally the 

C-terminal TE domain present in the module 12 of PimS4 releases the polyketide chain 

as a macrocyclic ring [166, 167].  

 Oxidation of the methyl group at C12 into a carboxylic group is one of the post-

PKS modifications of pimaricinolide. Although it lacks experimental data, it has been 

proposed that this reaction is catalysed by the cytochrome P450 PimG and the 

ferrodoxin PimF. The deletion of the pimG homologous gene (amphN) in the 

amphotericin B producer S. nodosus, resulted in the lack of the carboxylic group, which 

indicates that the proposed model may be correct [168, 169]. 

 The addition of a mycosamine to C15 is catalysed by the sequential action of 

PimJ (putative GDP-mannose dehydratase), PimC (putative aminotransferase) and 

pimK (putative glycosyltransferase), using GDP-mannose as a precursor [23, 159].  

 The epoxidation between C4 and C5 is catalysed by PimD - a cytochrome 

P450. Curiously, functional characterisation of PimD showed that the inclusion of a 

mycosamine group in the chemical structure is necessary for the PimD recognition of 

the substrate [170, 171].  

1.4.4 Pimaricin biosynthesis regulatory mechanisms 

 As previously mentioned, the regulation of secondary metabolism is a multi-

layered and dynamic process. The knowledge gained on the regulatory network of 

pimaricin range from the pathway-specific into the pleiotropic level, even though the 

unavailability of the full genome sequence does not allow a holistic view on this issue. 

1.4.4.1 PimM and PimR: pathway-specific regulators 

 The pimaricin biosynthetic gene cluster presents two pathway-specific 

regulators: PimM and PimR. 

 PimM (192 aa) is a transcriptional regulator with a peculiar structure among the 

pathway-specific regulators: the C-terminal region presents a LuxR-type HTH DNA-

binding domain, while the N-terminal region presents a PAS sensor domain [147]. PAS 

domains were firstly identified in eukaryotes, namely in Per, Arnt and Sim proteins. The 

signals that can be sensed by these domains are extremely varied: light, redox 

balance, energetic levels or small ligands [172]. Thus, it is very difficult to assign a 

specific signal to PimM.  

 The generation of a pimM deleted mutant resulted in a pimaricin non-producing 

phenotype. The analysis of the pimaricin biosynthetic gene cluster transcript levels in 

pimM showed a general down-regulation, indicating that PimM is a positive regulator 
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of these genes. This effect was particularly evident in pimD, pimS1, pimS0, pimF, 

pimG, pimC and pimB, since on the tested conditions it was not possible to detect their 

transcripts. The genes pimI, pimJ, pimS4, pimS2, pimS3, pimA and pimK presented 

decreased transcription levels in pimM, while the transcription of pimE and pimH, as 

well as the regulator encoding genes pimM and pimR seemed to be unaltered in the 

mutant strain [147]. This data ruled out a possible auto-regulatory mechanism. The 

overexpression of pimM resulted in an increase of pimaricin production, showing that 

the expression of this regulator is a bottle-neck in the pimaricin production process 

[147].  

 In a recent study it was shown that PimM has the ability to bind a 16 bp 

palindromic sequence that overlaps the -35 element of the target genes promoter 

regions. Electrophoretic mobility shift assays (EMSA) with the purified PimM revealed 

that this protein binds to the promoter regions of the following genes: pimK, pimS2, 

pimI, pimJ, pimA, pimE, pimS1 and pimD [165]. Given that some of these genes are 

transcribed into the abovementioned multicistronic mRNAs (Chapter 1.4.3), one can 

state that PimM is a direct positive regulator of the majority of the genes composing 

this cluster, at the exception of pimT, pimR, pimM, pimH and the pimCGFS0 operon. 

Another interesting conclusion from this work is the incoherence with the transcriptional 

pattern of the pimaricin biosynthetic gene cluster in pimM. The trancription of pimE 

seemed to be unaltered in pimM and, still, PimM binds to its promoter region. 

Inversely, the pimCGFS0 operon transcription was altered in the mutant strain, even 

though PimM does not directly bind to its promoter region. These results indicate that 

other regulatory mechanism may be occurring in parallel with the action of PimM. 

Regarding the function of the PAS-domain, it was shown that it does not modulate the 

specificity of the DNA-binding sequence; instead it modulates the affinity to DNA. In 

fact, a truncated PimM form without the PAS domain, revealed an increase on DNA-

affinity of up to 500-fold, when compared with the complete PimM form [165].  

 Interestingly, PimM homologues were identified in different polyene biosynthetic 

gene clusters, e.g. the filipin pathway-specific regulator PteF in S. avermitilis, 

suggesting that the association of this type of regulators to the production of polyene 

macrolides is a conserved feature [173].  

 PimR is a large transcriptional regulator (1198 aa) that presents a SARP type 

DNA binding domain on the N-terminal region and an AAA domain in the centre region 

(typical of ATPases). The C-terminal region presents high identity with the LAL-family 

transcription regulators, while a sequence that goes from the amino acid 350 to the C-

terminal region revealed high identity with guanylate cyclases. Due to these very 
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specific features, PimR was considered as the archetype of a new family of 

transcription regulators [149].  

 The deletion of pimR resulted in a pimaricin non-producing strain, in a similar 

fashion of pimM, suggesting that PimR is also a positive regulator of pimaricin 

biosynthesis. Except for pimR, the transcription of the pimaricin biosynthetic gene 

cluster was down-regulated in pimR. This was particularly evident in the transcription 

pattern of pimE [149]. 

Recently it was shown that PimR recognizes a sequence with three heptameric 

direct repeats that is located in the pimM – pimR intergenic region. The overexpression 

of pimM in a pimR strain rescued pimaricin production, showing that the positive 

effect of PimR over the transcription of pim genes is indirect, i.e. PimR regulates the 

transcription of pimM and its gene product in turn regulates the transcription of the 

majority of the gene cluster [174]. Curiously, pimH is not regulated by PimM and yet its 

transcription was down-regulated in pimR. The data gathered with the functional 

characterisation of PimM and PimR shows that the pimaricin biosynthesis regulatory 

cascade was not yet fully clarified.  

Among the polyene macrolides, only the S. avermitilis filipin biosynthetic gene 

cluster presents a homologue of PimR - PteR. Nonetheless, it is noteworthy that the 

biosynthetic gene clusters of chemically unrelated compounds, like nikkomicin 

(Streptomyces ansochromogenes) or polioxyn (Streptomyces cacaoi) encode PimR 

homologues [175]. 

1.4.4.2 PimE: a cholesterol oxidase with putative regulatory functions  

 The effect of the cholesterol oxidase PimE over pimaricin production is a 

curious mechanism. This protein does not have a DNA-binding domain and it does not 

take part in the pimaricin biosynthesis per se, yet the generation of a pimE-disrupted 

mutant led to a non-pimaricin production phenotype, showing that it is indispensable for 

pimaricin biosynthesis [176]. The presence of homologous genes in the biosynthetic 

gene clusters of other polyene macrolides, like filipin (pteG), suggests a conserved role 

for cholesterol oxidases [20]. Nevertheless, the specific role of this protein in the 

biosynthesis of polyene macrolides is still largely uncomprehended.  

1.4.4.3 Quorum sensing: the pimaricin inducer factor 

In S. natalensis ATCC 27448 submerged cultures it was isolated a compound 

that seems to behave like a quorum sensing signal identified as 2,3-diamino-2,3-bis 

(hydroxymethyl)-1,4-butanediol - the pimaricin inducer (PI) factor [177]. This compound 
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is able to restore pimaricin production on the non-producing mutant strain S. natalensis 

npi287. Interestingly, the A-factor isolated from S. griseus was also able to restore 

pimaricin production in S. natalensis npi287, which indicates a possible overlap 

between two quorum-sensing mechanisms [177]. The functional characterisation of 

PimT, a LysE amino acid exporter, demonstrated that this protein was involved in the 

PI-factor export [148].  

1.4.4.4 SngR and SngA: pleiotropic regulation of pimaricin production 

 Although -butyrolactones seem to be absent from S. natalensis ATCC 27448 

submerged cultures, genes encoding proteins involved in this quorum sensing 

mechanism were identified and sequenced, namely sngR and sngA. SngR is a -

butyrolactone autoregulator receptor and the disruption of its encoding gene resulted in 

an anticipation of the onset of pimaricin production of about 6 h and an increase in the 

final pimaricin production, when compared with the wild-type. Furthermore, in solid 

media sporulation began earlier. Thus, SngR was identified as a pimaricin production 

and sporulation negative regulator in S. natalensis ATCC 27448 [151]. SngA is a 

homologue of S. griseus AfsA, a protein involved in the biosynthesis of the -

butyrolactone known as the A-factor. The deletion of sngA resulted in a strain that 

produced less pimaricin and presented an impaired sporulation, when compared with 

the wild-type. Moreover, the transcription of the pimaricin biosynthetic gene cluster was 

repressed in the mutant, showing that the activity of SngA can lead to a modulation of 

gene transcription and that it is important for both morphogenesis and secondary 

metabolism [152]. 

1.4.4.5 PhoRP: linking phosphate metabolism and pimaricin production 

  In S. natalensis ATCC 27448 it was reported that a phosphate concentration 

above 1 mM lead to a remarkable decrease in pimaricin production and that above the 

10 mM threshold the transcription of the biosynthetic gene cluster is repressed [130]. 

The generation of the phoRP-deleted mutant and a phoP-disrupted mutant led to an 

attenuation of the negative effect exerted by phosphate over pimaricin production. In 

addition, in cultures that were not supplemented with phosphate, both mutant strains 

revealed an increase in pimaricin production, when compared with the wild-type [130]. 

The expression of pimS1, pimS4, pimC and pimG was found to be modulated in the 

mutant strains. However, no PHO boxes were found in the pimaricin biosynthetic gene 

clusters, implying that the regulation is operated in an indirect way [130]. 
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1.5 Oxidative stress 

 The primordial atmosphere, where life emerged, was mainly composed by 

methane, carbon dioxide and nitrogen [178]. Among the microorganisms that evolved 

in this environment, one group developed the ability to use carbon dioxide and solar 

energy to produce carbohydrates, i.e. photosynthesis, a metabolic process that 

generates molecular oxygen as a by-product. Thus, oxygen started to accumulate (≈ 

2.4 billion years ago), turning a reducing atmosphere into an oxidative one [178, 179]. 

Although this was a hazardous environment for most life forms that evolved in anoxic 

conditions, it triggered the emergence of organisms capable of using molecular oxygen 

as an electron acceptor in a highly efficient energy production process - aerobic 

respiration.  

The oxygen based metabolism proved to be an advantage in this new context. 

Nevertheless, its usage was not costless, since along with aerobic respiration, oxygen 

can be partially reduced, giving rise to highly reactive molecules that can lead to cell 

damages known as reactive oxygen species (ROS) (Fig.1.8). Among ROS the highly 

reactive hydroxyl radical (HO.) is the most hazardous molecule, while the superoxide 

anion (O2
.) and hydrogen peroxide (H2O2) have preferential cell targets. In general, 

oxidative stress can be defined as an unbalance in the antioxidant-oxidant equilibrium 

in favour of the oxidants [180].  

 

Fig.1.8 - Schematic overview of the different redox states of oxygen with the correspondent reduction 

potentials. Adapted from Imlay, JA 2008 [181].  

1.5.1 Cell sources of reactive oxygen species 

 Molecular oxygen has a low reduction potential (-0.16 V) and can only accept 

one electron at a time from potential donors (univalent electron donors), ensuring that it 

cannot spontaneously oxidise most reduced molecules, such as NAD(P)H, which are 

obligate two-electron donors [181-183]. Flavins, by their turn, are competent univalent 

donors that can bind many proteins as co-factors. In E. coli it was described that, when 

exposed to oxygen, the flavoenzymes NADH dehydrogenase II, succinate 

dehydrogenase, sulphite reductase, xanthine oxidase, fumarate reductase and 
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aspartate oxidase were able to undergo autoxidation and reduce O2 into a mixture of 

O2
.- and H2O2 [181-184].  Interestingly most of these enzymes take part in the 

respiratory chain, linking undoubtedly this process with ROS generation. Moreover, it 

was also reported that free reduced flavins readily react with oxygen, accounting as an 

additional intracellular source of O2
.- [185]. It is estimated that the overall O2

.-  

production in E. coli is 5 M.s-1, while H2O2 estimated intracellular production is 15 

M.s-1 [181]. HO. is the only ROS that can virtually react with most organic molecules 

and it is endogenously generated through the oxidation of ferrous iron (Fe2+) by H2O2, 

also known as Fenton reaction [181]. Thus, it is not surprising that most of the 

organisms that have to cope with oxygen, developed fine tuned mechanisms to 

maintain H2O2 and iron intracellular homeostasis. 

1.5.2 Mechanisms of damage  

1.5.2.1 Superoxide anion  

 O2
.- presents a reduction potential of + 94 V, which suggested that this ROS 

could oxidise a broad spectre of targets. However, O2
.-  showed to be nearly unreactive 

with a wide range of substrates, questioning the biological meaning of specific 

detoxifying enzymes, like SOD [181]. The physiological characterisation of E. coli 

superoxide dismutase (SOD) knock-out mutant strains growing in aerobic conditions 

brought light to this question, since these mutant strains showed auxotrophy for some 

groups of amino acids, namely branched-chain, sulphur and aromatic amino acids, as 

well as DNA damages, showing that O2
.- could in fact pose deleterious consequences 

to organisms [186]. 

Regarding the BCAA auxotrophy, it was demonstrated that the BCAA 

biosynthetic pathway was being impaired in the step catalysed by dihydroxyacid 

dehydratase [187]. The dehydratase activity rely on the coordination of a iron-sulphur 

cluster [4Fe-4S], which was proven to be hypersensitive to O2
.- [188]. Moreover, other 

E. coli dehydratases were shown to be O2
.- sensitive, such as the TCA acid enzymes 

aconitase and Fumarase A and B [189-191]. Thus, the TCA cycle is also a metabolic 

pathway that can be impaired by high O2
.- intracellular concentrations.  In addition to 

enzyme inactivation, the oxidation of iron-sulphur clusters leads to iron release, which 

can also be hazardous to the cell, since free iron readily reacts with H2O2 (Fenton 

reaction) and generate the highly reactive HO. [192]. 

The auxotrophy of aromatic amino acids in SOD-null mutants was correlated 

with the pentose phosphate pathway enzyme transketolase [193]. The aromatic amino 

acids biosynthesis precursor 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) is 
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formed upon the condensation of phosphoenolpyruvate (PEP) and erythrose-4-

phosphate (E4P), which by its turn is the product of the sequential action of 

transketolase and transaldolase.  Transketolase uses 1,2-dihydroxyethyl thiamine 

pyrophosphate as a co-factor, which can be oxidised by O2
.- [194]. The physiological 

characterisation of an E. coli SOD-null mutant strain showed that the oxidation of 1,2-

dihydroxyethyl thiamine pyrophosphate by O2
.- negatively affected the activity of 

transketolase, which in turn led to a decrease in E4P concentration and ultimately 

resulted in a deficient aromatic amino acids biosynthesis [193].  

The sulphur amino acid auxotrophy displayed by the SOD-defective mutants 

was described as a result of the leakage of an important metabolite (most likely 

sulphite) for cysteine biosynthesis. This leakage was correlated with the cell wall 

weakening derived from the exposure to high levels of O2
.- [195]. 

1.5.2.2 Hydrogen peroxide 

 H2O2 presents a reduction potential of +0.38 and is able to oxidise specific 

amino acid residues, namely cysteines and methionines. The oxidation of cysteine 

residues transforms the thiol groups (-SH) into sulphenic acid (-SOH) that can either 

form disulphide bonds with other cysteine residues or be further oxidised to sulphinic 

acid (-SOOH), which is considered to be in an irreversibly oxidised state. Proteins with 

thiol-based redox switches can be found in both prokaryotes and eukaryotes and are 

involved in the regulation of different cell processes, such as the antioxidant response. 

These proteins usually alternate between the oxidised form, where specific cysteine 

residues form disulphide bonds, and the reduced form, where the cysteine residues 

present the thiol group [196]. Nevertheless, when in severe oxidative stress, the levels 

of H2O2 are so elevated that these redox switches become irreversibly oxidised [181, 

183]. Methionine residues can be oxidised by H2O2 into methionine sulphoxide, in a 

reaction that can be reverted by the action of methionine sulphoxide reductases [197].  

 Protein carbonylation is other possible effect of the interaction between proteins 

and H2O2. Carbonyl derivatives are formed by a direct metal catalysed oxidation (MCO) 

on the amino-acid side chains. MCO is a consequence of the oxidation of metals bound 

to the protein by H2O2, implying that the amino acid residues oxidation is mediated by 

the formation of HO. [181, 183, 198]. 

 It was also reported that H2O2 is able to oxidise iron-sulphur clusters, even 

though this reaction occurs at a slower rate than with O2
.- [181, 183]. In fact, micromolar 

intracellular concentrations of H2O2 were able to oxidise the iron-sulphur cluster of a 

dehydratase (isopropylmalate isomerase) [199].  
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1.5.3 Oxidative stress response 

 The accumulation of ROS contributes to an imbalance in the intracellular redox 

status and attack different cell components. Thus, to counteract the deleterious effects 

of the different ROS, organisms developed an array of antioxidant defences that 

comprises both enzymatic and non-enzymatic mechanisms. Furthermore, the response 

to a ROS imbalance is a fine tuned process controlled by specific transcriptional 

regulators that trigger an adequate response. 

1.5.3.1 Superoxide anion sensor proteins 

The MerR-family transcription regulator SoxR was first described in E. coli and 

was considered the archetype of an O2
.- sensor. This transcription regulator is 

characterised by the coordination of an iron-sulphur cluster [2Fe-2S] and it controls the 

transcription of soxS, whose gene product is also a transcriptional regulator that 

governs the transcription of several genes, including the manganese-containing SOD – 

the SoxRS regulon [200, 201]. The presence of an iron-sulphur cluster in SoxR led to 

the assumption that this protein was able to directly sense O2
.-. Nevertheless, several 

studies have been contradicting this hypothesis. Indeed, it was reported that the 

SoxRS regulon was poorly induced in an E. coli SOD-null mutant strain [202]. Instead, 

the SoxRS regulon seems to be strongly induced by redox-cycling agents, such as 

phenazines, quinones, and viologens [203]. Thus, the SoxRS regulon seems to 

regulate the response to the stress imposed by redox-cycling agents, in which O2
.- is 

one of its components. 

S. coelicolor genome harbours a soxR orthologue, but unlike E. coli it does not 

possess a soxS orthologue [10]. A study in S. coelicolor revealed the presence of five 

genes, whose transcription was directly regulated by SoxR, encoding a flavine 

reductase, a quinone reductase, an ABC transporter, a monooxygenase and a protein 

with unknown function [204]. None of the SOD encoding genes were included in the 

targets. In the same study, it was further demonstrated that SoxR is sensitive to 

actinorhodin, an aromatic polyketide that resembles the ring structures of phenazine 

[204]. Therefore, this work showed that the S. coleicolor SoxR regulon seems to be 

more related with the modification and excretion of potentially harmful redox-active 

compounds, like actinorhodin.  

Interestingly, the usage of redox-cycling molecules, such as paraquat and 

plumbagin, to impose superoxide stress in S. coelicolor resulted in an increase of total 

SOD activity of less than two-fold [205], while in S. clavuligerus, the redox-cyclic 

molecule phenazine methosulfate led to a two-fold increase in SOD activity [206].   
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1.5.3.2 Superoxide anion scavenging enzymes 

Although O2
.- can undergo spontaneous dismutation into O2 and H2O2, 

organisms developed enzymatic defences against O2
.- . The metalloenzyme SOD is 

considered the paradigm of O2
.- detoxification mechanisms, due to its ubiquity, stability 

and efficiency [207, 208]. The overall mechanism of superoxide anion dismutation 

catalysed by SOD involves the sequential reduction and oxidation of the metal active 

centre and the concomitant production of O2 and H2O2 [207, 208]. The following 

equations depict these reactions: 

Metal (n+1)+ + O2
.- →  Metal n+ + O2 

Metal n+ + O2
.- + (2H+) → Metal (n+1)+ + H2O2 

The exposure to an oxidising atmosphere imposed such a stringent selective 

pressure in order to develop antioxidant mechanisms against O2
.- that SODs evolved 

on at least three separate events [208]. These separate events gave rise to three 

different and unrelated families of SODs that only share the ability to dismutate O2
.- and 

that use different catalytic active metals: FeSOD and MnSOD, Cu/ZnSOD and NiSOD 

[208].   

FeSOD is the most primitive enzyme of this family. Nevertheless, along 

evolution new forms appeared with the ability to use Mn2+ as the active metal. Hence, 

within this family there are forms that exclusively use Fe2+ (FeSOD), forms that only 

use Mn2+ (MnSOD) and, more rarely, forms that can use either of these metals 

(Fe/MnSOD), also known as cambialistic [208]. The comparison of E. coli FeSOD and 

MnSOD showed an identity level of 43 %, including the three histidine residues and the 

aspartate residue that coordinate the metal ion. During O2
.- dismutation, both Fe and 

Mn alternate between their 2+/3+ oxidation states, in a way that there is no need for an 

external electron donnor to complete the reaction. Due to the d-electronic configuration, 

Mn is less prone to oxidation by H2O2 than Fe (Fenton reaction), thus MnSOD is 

considered safer than FeSOD upon oxidative stress conditions. Concerning the 

distribution across life domains, in bacteria it can be found FeSOD in both aerobic and 

anaerobic bacteria, whilst MnSOD is mainly found in aerobic bacteria [208]. In 

archaeobacteria it can be found not only representatives of FeSOD and MnSOD but 

also the cambialistic Fe/MnSOD [208]. Across eukaryotic life domain, MnSOD is 

present in the thylakoid membrane of photosynthetic protists, in the mitochondria, or in 

certain cases in the cytosol, of fungi and in the mitochondria of plants and animals 

[208]. By its turn, FeSODs have been found in the cytosol or in the mitochondria of a 

wide range of protists, as well as in the mitochondria or, more rarely in the cytosol, of 

plants [208]. 
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Cu/ZnSOD is in most cases a dimeric enzyme, where each monomer contains 

an active site with one copper ion and one zinc ion bridged by a histidine imidazole 

[207, 208]. Nevertheless, there are organisms that express active monomeric 

Cu/ZnSOD, like Salmonella enterica [209]. Generally in the Cu/ZnSOD structure, 

besides the histidine imidazole bridge, copper ion is bound by three additional histidine 

residues, whilst zinc is bound by two histidine residues and one aspartate residue 

[207]. The redox-active metal in this group of SODs is copper that cycles between two 

oxidation states (2+/3+) during O2
.- dismutation, with no need of an external electron 

donnor. Zinc is more related with the protein structural stability and in maintaining the 

enzyme activity in a large pH range. The distribution of this enzyme spans all life 

domains. In bacteria, it is present in the periplasmic space of Gram-negative bacteria, 

especially in infectious organisms [208]. Moreover, this family of SODs is also found in 

Gram-positive bacteria like Mycobacterium tuberculosis [210]. Within the archaea life 

domain Cu/ZnSOD family representatives were identified in different species [208]. In 

eukaryotes, it was not reported to date any Cu/ZnSOD orthologue in protists. 

Nevertheless, fungi, plants and animals all harbour genes encoding proteins from the 

Cu/ZnSOD family [208].  

 NiSOD are hexameric proteins firstly isolated in Streptomyces. The enzyme 

active centre is located in the N-terminal active-site loop, also known as “the nickel-

hook”, where a nickel ion is coordinated by one histidine residue and two cysteine 

residues. In the course of the O2
.- dismutation, the enzyme alternates between the 3+ 

and the 2+ oxidation states. As far as it is currently known, NiSOD family members 

display a very restricted distribution: actinobacteria, proteobacteria, chlamydiae and 

eukaryotic green algae [211]. Interestingly,  an in silico analysis of the NiSOD encoding 

genes surrounding regions showed the presence of an endopeptidase in actinobacteria 

and in cyanobacteria, suggesting a putative NiSOD maturation process [211].  

The SOD activity profile in Streptomyces was first addressed in S. coelicolor, 

where two FeSOD encoded by sodF and sodF2 and one NiSOD encoded by sodN 

were identified [205, 212]. Furthermore, it was also described that, in the presence of 

nickel in the media, the expression of sodF and sodF2 was repressed, whereas sodN 

transcription was induced [213]. In S. griseus, two proteins - SrnR (AsrR-family of 

transcriptional regulators) and the nickel binding protein SnrQ - were implicated in the 

nickel repression of sodF transcription [214]. The authors showed that in a snrR knock-

out mutant strain, sodF transcription was no longer repressed by nickel. Electrophoretic 

mobility shift assay (EMSA) that SnrR/SnrQ binds to the sodF promoter region [214]. 

Nonetheless, SnrRQ did not seem to be implicated in the activation of the nickel-

containing SOD [214]. 
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Although the discovery of SnrRQ elucidated the nickel-repression of sodF 

transcription in S. griseus, no orthologues of SnrRQ were found in S. coeliocolor [10]. 

Yet the same nickel repression was reported for S. coelicolor sodF and sodF2 

transcription, suggesting the presence of another nickel-responsive regulatory system. 

Indeed, a Fur-like protein - nickel uptake repressor (Nur) - was shown to regulate the 

iron-containing SOD encoding genes in S. coelicolor [215]. A nur knock-out mutant 

strain showed a constitutive expression of both sodF and sodF2 and a repression  of 

sodN transcript levels, regardeless of the nickel content in the media [215]. Even 

though this data clearly suggested that Nur was involved in the regulation of all SOD 

encoding genes, EMSA assays showed that Nur binds the sodF and sodF2 promoter 

region, but not the sodN promoter region [215]. According to the authors, the positive 

effect over sodN transcription may be due to a double repression system [215]. The 

analysis of the sodF promoter allowed the identification of a nucleotide sequence 

consensus (TTGCAN7TGCAA) that corresponded to the regulatory element involved in 

the nickel-based repression of sodF genes [214]. 

1.5.3.3 Hydrogen Peroxide sensor proteins 

OxyR is a protein of the LysR-family of transcription regulators that has been 

implicated in the control of the response against H2O2 in different bacteria [181, 183]. It 

was first described in the enterobacteria Salmonella typhimurium as a global positive 

regulator of operons involved in the antioxidant response [216]. Using E. coli OxyR as 

the model protein, it was shown that it binds DNA mostly as a tetramer, using a HTH 

motif of binding located in the N-terminal portion of the protein [217]. The activated 

OxyR form results from the oxidation of a conserved cysteine residue (Cys199) by H2O2 

and the formation of a disulphide bond with other cystein residue (Cys208) [217, 218]. It 

was shown that this redox sensor can be activated by submicromolar concentrations of 

H2O2, which is important towards an efficient triggering of antioxidant mechanisms 

[219]. Upon reduction of the disulphide bond, OxyR becomes practically inactivated. 

Nonetheless, the reduced OxyR form retains the ability to bind DNA through the 

adoption of a different conformation [217, 218]. Sequence alignment of OxyR gene 

targets promoter regions showed the presence of five conserved residues in a 

scattered distribution  [220]. In the same fashion as other LysR-family transcription 

regulators, OxyR activates the transcription of its target genes and represses the 

transcription of its own encoding gene [221, 222].  

Among streptomycetes, a functional OxyR was described in S. coelicolor. This 

protein presented high identity levels with OxyR from other organisms, including E. coli 
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[223]. S. coelicolor oxyR is located upstream and divergently transcribed from the 

alkylhydroperoxidase system encoding genes ahpCD [10]. The analysis of the 

promoter activity showed that the intergenic region between oxyr and ahpCD contains 

a bidirectional promoter that is under the control of OxyR [223]. Regarding the mode of 

action, OxyR was shown to activate the transcription of oxyR and ahpCD, upon 

oxidation by H2O2 [223]. The positive regulation of oxyR in S. coelicolor is a curious 

feature, since typically LysR-family transcription regulators repress their own encoding 

gene [221]. 

 Among bacteria, OxyR is not the only global regulator involved in the response 

to H2O2. In fact, the H2O2-stress response in B. subtilis is under the control of the 

peroxide regulon repressor (PerR) - a metalloprotein from the family of Fur transcription 

regulators [224, 225]. Structurally, PerR binds to DNA as a homodimer, with two metal 

binding sites for Zn2+ and Fe2+/Mn2+ in each monomer [226, 227]. The Zn2+ ion is 

coordinated by four cysteine residues, which form a structure of three strands 

responsible for the dimerisation [227]. Interestingly, this site reacts poorly with H2O2, 

meaning that it has a structural purpose rather than a H2O2-sensor role [226]. 

Regarding the Fe2+/Mn2+ binding site, it was shown that upon metal-binding, PerR 

undergoes a conformational change that increases its DNA-affinity, repressing the 

transcription of its targets [226-228]. Theses metal ions are coordinated by two 

conserved histidine residues (His37 and His91) that are prone to oxidation and thus 

sensitive to the H2O2 intracellular concentration. Indeed, the PerR:Zn2+,Fe2+ form is very 

susceptible to H2O2, which induces a metal catalysed oxidation of the histidine residues 

into 2-oxohistidines [226]. This outcome leads to the release of iron and the acquisition 

of a low DNA-affinity conformation [226]. In contrast, the PerR: Zn2+,Mn2+ form was 

proven to be much less sensitive to the H2O2 oxidative damage [226, 228]. The 

biological relevance of this dual characteristic is intimately linked with the selective 

pressure towards an intricate regulation of iron and H2O2 homeostasis. 

 The PerR regulon in B. subtilis was shown to include genes coding for: the 

H2O2-scavenging enzymes alkylhydroperoxidase system and catalase A, haem 

biosynthesis enzymes (HemAXCDBL), an iron storage protein (MrgA), a FUR 

regulator, a zink uptake system (ZukA) and perR itself [229].  

 In S. coelicolor, a PerR homologous protein was identified – CatR [9]. CatR was 

shown to negatively regulate the transcription of the monofunctional catalase KatA1 

and its own encoding gene t [9]. The nucleotide sequence alignment of catR and katA1  

promoter regions from S. coelicolor and S. venezualae allowed the identification of a 

consensus sequence (TCcNRARYNR-N3-YNRYTYNgGA) that may correspond to the 
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CatR binding site [9]. An in vitro assay proved that CatR binds to this promoter region 

and that its DNA-affinity was progressively lost with increasing H2O2 concentrations [9]. 

Hence, it can be rightly argued that CatR derepresses the transcription of catR and 

katA1 upon oxidation of H2O2 through a mechanism that most likely resembles the one 

described for B. subtilis PerR.  

1.5.3.4 Hydrogen peroxide scavenging enzymes 

The alkylhydroperoxide reductase system (AhpCF) was first described in the 

enterobacteria Salmonella typhimurium and E. coli [216, 230, 231]. Further studies 

showed that AhpCF system is composed by a member of the 2-Cys-peroxiredoxin 

family (AhpC) and a NADH peroxiredoxin oxidoreductase (AhpF), which together 

catalyse the NADH-dependent reduction of organic hydroperoxides, H2O2 and nitric 

oxide  [232-234].  

In E. coli, the AhpCF system is considered the primary scavenger of 

endogenously generated H2O2 [235]. Indeed, it was shown that a mutant lacking the 

genes that encode the catalases KatE and KatG, and thereby with virtually no activity 

of catalase or peroxidase, retained the ability to detoxify H2O2 1.5 M at approximately 

the same rate as the wild-type. However, a mutant lacking AhpCF and the KatA/KatE 

encoding genes was not able to scavenge H2O2 [235]. Furthermore it was described 

that the AhpCF system was much more efficient than catalases at physiological H2O2 

concentrations [235]. Nevertheless, at extreme oxidative stress conditions NADH levels 

are rapidly depleted and AhpCF is irreversibly oxidised. Thus, in these conditions, 

catalases assume the role of primary H2O2-scavengers, due to their enzymatic stability 

at even milimolar H2O2 concentrations [181, 235]. 

Actinobacteria also possess a H2O2 detoxifying system based on a 

peroxiredoxin and a committed reducing protein – AhpCD system. In M. tuberculosis 

this antioxidant system is able to compensate the lack of the catalase KatG, proving to 

be important for cell survival [236].  M. tuberculosis AhpC is a decameric enzyme that 

belongs to the 2-Cys Peroxiredoxin family of proteins [237, 238]. It differs from the 

typical 2-Cys Peroxiredoxins since it possesses three catalytic residues, rather than 

two (C61, C174 and C176) [239]. The site directed-mutation of C61 and C174 abolished 

AhpC peroxidase activity, whereas the mutation of C176 resulted in a pronounced 

decrease, but not to the total abolishment of the AhpC activity [239]. 

Like in enterobacteria, this antioxidant system possesses a committed enzyme 

involved in the reduction of AhpC – AhpD [238]. Interestingly, M. tuberculosis AhpD is 

not related to AhpF and, even though its amino acid sequence contains a C-XX-C 
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motif, it presents low homology with thioredoxins [240]. Hence, AhpD homologues were 

considered a novel family of proteins denominated AhpD-family [240]. The 

determination of M. tuberculosis AhpD structure demonstrated that this protein exists 

as a trimer and it presents two conserved cysteine residues (C130-XX-C133) [240]. 

Interestingly, M. tuberculosis AhpD is not able to efficiently reduce AhpC by itself; 

instead it is needed an electron flow from NADH into a dihydrolipoamide 

dehydrogenase (Lpd), a dihydrolipoamide succinyltransferase, AhpD and finally into 

AhpC [241-243]. Regarding the interaction between AhpC and AhpD, it was shown that 

the formation of a disulphide bond between AhpC C61 and AhpD C133 is a key step 

[243].  

In S. coelicolor a functional AhpCD system was already reported [223]. 

Physiological studies demonstrated that AhpC protein levels peaked during early 

exponential phase and that its encoding gene transcription was induced by exogenous 

H2O2 through the action of OxyR [223].  

 Catalases, or hydroperoxidases (also includes peroxidases), catalyse the 

heterolytic cleavage of the peroxidic bond in H2O2 in the following overall reaction:  

2 H2O2 → 2 H2O + O2 

 In E. coli catalases are the primary H2O2 scavenger system during oxidative 

stress, due to its enzyme stability even at milimolar H2O2 concentrations [181]. 

Accordingly, M. tuberculosis KatG was shown to be essential for the protection against 

the oxidative burst triggered by human monocytes [244, 245].  

Based on protein structure and amino acid sequence, catalases can be divided 

in three main classes: monofunctional haem-containing catalases, bifunctional haem-

containing catalase-peroxidases and monofunctional non-haem, or manganese-

containing catalases [246].  

The monofunctional haem-containing catalases degrade H2O2 in a two-stepped 

reaction. In the first-step, H2O2 acts as an oxidant of the haem group, whereas in the 

second step, H2O2 acts as a reducing agent of the haem group, restoring the resting-

step of the enzyme [246]. The highly conserved three dimensional organisation of 

these enzymes is denominated as the catalase fold, which is almost exclusive of the  

monofunctional haem-containing catalases [247]. The quaternary organisation of this 

class of catalases is conserved, presenting a tetrameric organisation [247]. 

Monofunctional catalases present variations regarding the orientation of the haem 

group in relation to the active site histidine residue. Most commonly, the histidine 

residue is located above the haem group ring IV (His IV), like CatF of Pseudomonas 

syringae [246]. Nevertheless, in some cases, the histidine residue is situated above the 
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haem group ring III (His III) [246]. This class can be further divided in clades according 

to their phylogeny. 

 Catalases from Clade 1 are mostly present in plants, although several bacterial 

representatives were identified, like the Pseudomonas syringae CatF, and generally 

present a His IV haem orientation [246, 248].  

Catalases from Clade 2 are large subunit enzymes with a His IV haem 

orientation that are widespread among bacteria and fungus [246]. One representative 

of clade 2 was described in S. coelicolor – CatB [249]. The transcription of katB gene 

peaked upon the entrance at stationary phase and further analysis revealed that its 

transcription was under the control of the global osmotic stress regulator SigB (sigma 

factor) [249].  

Clade 3 monofunctional catalases are small subunit enzymes present in all life 

domains that usually present a His III haem orientation [246]. Interestingly, these 

enzymes present a characteristic that seems to be unique among monofunctional 

haem containing catalases that is the ability to bind NADPH, which was proposed to 

prevent the inactivation of the catalase active centre [246]. S. coelicolor monofunctional 

catalase KatA1 is a representative of this particular clade [250]. The expression of 

katA1 is especially associated with fast-growing cells (exponential phase) and its 

transcription is controlled by CatR in a H2O2 and Fe2+-dependent manner [9].  

 Even though, structurally, bifunctional catalase-peroxidases are quite dissimilar 

to monofunctional haem-containing catalases, the mechanism by which it degrades 

H2O2 is common, i.e. it is a two-stepped reaction. This enzymatic similarity is mostly 

due to the fact that the active centre contains a haem group [246]. In contrast, the 

peroxidase activity adds another requisite to its enzymatic function that is the necessity 

of an external electron donor to re-establish the resting state of the active centre [246]. 

The great majority of the members of this class have a bacterial origin, even though 

there are a few representatives in archaeobacteria and fungi [246]. 

 S. coelicolor expresses a bifunctional catalase-peroxidase, mainly associated 

with fast-growing cells (exponential phase) – CatC (80 kDa). The gene catC was found 

to be located downstream of a Fur-like transcription regulator encoding gene (furA), 

forming an operon [251]. The transcription of the furA-catC operon was show to be 

repressed by FurA, upon binding of Fe2+ and, at a less extent, of Ni2+, Mn2+ and Zn2+ 

[251].  

 The manganese-containing catalases were primarily regarded as pseudo-

catalases. As far as it is known this class of catalases is exclusively from bacterial 

origin [246]. The mechanism of action of manganese catalases comprehends a 
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sequential oxidation and reduction of the active centre by H2O2 [246]. Structurally, the 

members of this class are hexamers with a dimanganese active centre [246]. 

1.5.3.5 Non-enzymatic antioxidant defences 

 Mycothiol (MSH) is a paradigmatic example of a non-enzymatic antioxidant 

defence in Actinobacteria. In fact, these bacteria do not produce glutathione and use 

MSH as the major thiol in the cell [252]. MSH displays a multiplicity of functions in 

Actinobacteria, from a protected reserve of cysteine to the detoxification of alkylating 

agents, reactive oxygen and nitrogen species, and antibiotics [252]. Furthermore, it is 

also very important in the protection against disulphide stress. MSH biosynthetic 

process comprises the sequential action of different enzymes: MSH 

glycosyltransferase, MSH phosphatase, deacetylation by MshB, MSH ligase and MSH 

synthase (MshD) [252]. In S. coelicolor, MSH production seems to be regulated by the 

sigma factors B and R [252]. 

 

1.5.4 Oxidative stress and secondary metabolism in Streptomyces 

 Several studies have been showing a correlation between the oxidative stress 

response and secondary metabolism in Streptomyes. In S. coelicolor, the deletion of 

the monofunctional catalase CatB encoding gene led to an impaired aerial mycelium 

formation and to the overproduction of actinorhodin, with a concomitant overexpression 

of the pathway-specific regulator ActII-ORF4 [249]. Although CatB was shown to be a 

functional catalase, the authors correlated this phenotype with the osmosensitivity of 

the deleted mutant [249]. Also in S. coelicolor, a catR (transcriptional repressor of 

katA1) deleted mutant showed a decreased actinorhodin production, when compared 

with the wild-type [9]. Furthermore, the overexpression of SOD encoding genes in S. 

clavuligerus and S. lividans resulted in augmented yields of clavulanic acid and 

actinorhodin, respectively [253].  

 The direct modulation of ROS levels was also proven to influence secondary 

metabolism in Streptomces. In S. clavuligerus ATCC 27064, the exposure to redox-

cycling agents like menadione and plumbagin, led to the overexpression of the 

clavulanic acid pathway-specific regulator CcaR and to an increase in the clavulanic 

acid production [206, 254]. More recently it was shown that the increase in the 

intracellular ROS concentration either by adding H2O2 to the media or by rising 

temperature resulted in the overexpression of several genes from the validamycin A 

biosynthetic pathway and to an increase in validamycin A yields in Streptomyces 
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hygroscopicus [255, 256]. This outcome was explained through the redirection of 

carbon flux from glycolysis to PPP, due to the ROS-sensitivity of GAPDH [255]. 

 These results hint a correlation between oxidative stress and secondary 

metabolism. However, even though ROS-related regulatory mechanisms have been 

globally addressed in Streptomyces, not much is known about the effects, at the 

molecular level, over secondary metabolites production. 

1.6 Objectives 

 The aim of this work was to unveil the molecular mechanisms by which 

Streptomyces respond to a ROS intracellular imbalance and the effect of such 

response on the biosynthesis of secondary metabolites. The study was focused on the 

industrial actinomycete S. natalensis ATCC 27448 producer of the polyene pimaricin - 

an antifungal agent widely used in the food industry and promising for antiviral activity 

and stimulation of immune response.  

 The following specific objectives were proposed: 

 1) To assess the influence of ROS over pimaricin production in S. natalensis 

ATCC 27448. 

 2) To identify and sequence antioxidant enzymes encoding genes in S. 

natalensis ATCC 27448, particularly the catalase, SOD and alkylhydroperoxide 

reductase system encoding genes. 

 3) To functionally characterise the abovementioned enzymatic antioxidant 

defences. 

 4) To identify putative metabolic pathways that may mediate the crosstalk 

between ROS intracellular levels and pimaricin biosynthesis. 
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2.1 Bacterial strains and growth conditions 

2.1.1 Bacterial strains 

Escherichia coli DH5 [257] is a strain commonly used to transform and replicate 

plasmidic DNA, due to the high transformation efficiency of its competent cells (up to 5 

x 108 transformants per mg of plasmidic DNA) and its low recombination rates. 

Genotype: F- (80d lacZM15) (lacZYA-argF)U169 thi-1 recA1 relA1 endA1 hsdR17 

(r-k, m+k) gyrA96 supE44 λ−. 

 

Escherichia coli BW25513 [pIJ790] [258] is a strain containing the plasmid pIJ790 

that includes a cloramphenicol resistance gene and a L-arabinose inducible operon 

that codes for the λ RED recombinase system. Due to the thermosensitivity of pIJ790 

origin of replication, this strain was grown at 30 ºC. 

Genotype: Δ(araD-araB)567, ΔlacZ4787(::rrnB-4), lacIp-4000(lacIQ), λ-, rpoS369(Am), 

rph-1, Δ(rhaD-rhaB)568, hsdR514. 

 

Escherichia coli ET12567 [pUZ8002] [259] is resistant to cloramphenicol and it is 

used as a donor strain in the DNA transfer by intergeneric conjugation. Furthermore, it 

is a dam- strain, i.e. it does not methylate DNA, which is an advantage to circumvent 

the methylspecific restriction system present in Streptomyces. The plasmid pUZ8002 

contains a kanamycin resistance gene and the necessary genes to perform conjugation 

(tra genes). Even though it is not a mobile DNA plasmid per se (it does not possess an 

origin of transference), it is necessary for the mobilization of other vectors. 

Genotype: dam− 13:Tn9, dcm-6, hsdM. 

 

Streptomyces natalensis ATCC 27448 [146] is the pimaricin producing strain used as 

a work model to construct knock-out mutants of antioxidant related genes.  

 

Streptomyces avermitilis MA-4680 is an avermectin and filipin producing strain 

whose genome is completely sequenced and available [20, 260]. 

 

Streptomyces coelicolor M145 is a derivative of S. coelicolor A(3)2 lacking its two 

plasmids: SCP1 and SCP2. It is an acitnorhodin and undecylprodigiosin producer [10].  
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Streptomyces griseus subsp. griseus NBRC 13350 is a streptomycin producing 

strain whose genome is completely sequenced and available [261]. 

2.1.2 Growth conditions  

 E. coli strains were generally grown at 37º C. Orbital agitation of 100-200 rpm 

was used to culture E. coli in liquid media. For long term storage, E.coli strains were 

stored at -80 ºC as cell suspensions in glycerol 20 % (w/v).  

Streptomyces strains were grown at 30 ºC. Spores were obtained by growing 

Streptomyces in solid medium (Chapter 2.2.2) for 8-12 days. Sporulated mycelium was 

overlaid with 5 mL of glycerol 30 % (w/v) and Triton X-100 0,025 % (v/v), scraped from 

the plate and filtered.  For long term storage, spores suspension in 1 mL of glycerol 30 

% (w/v) and Triton X-100 0,025 % (v/v) were stored at -80 ºC. The quantification of 

spores was performed by measuring the optical density at 600 nm (OD 600 nm) and using 

a proportion that was established for S. coelicolor [17]. In the case of strains that 

lacked the ability to sporulate, mycelium harvested from submerged cultures at 

stationary phase was cryopreserved in a solution of glycerol 50 % (w/v) at -80 ºC. 

Submerged cultures were performed in baffled flasks (culture media: flask at a volume 

proportion of 1:10), orbital agitation of 250 rpm and using an inoculum of 3 x 108 

spores.  

2.1.3 Measurement of bacterial growth 

  The growth kinetics of E. coli submerged cultures were measured by optical 

density at 600 nm (OD 600 nm). Regarding Streptomyces, growth was also measured by 

OD 600 nm and by dry weight. To measure dry weight, 2 mL of culture was collected, 

washed in NaCl 0,9 % (w/v) and the pellet was dried at 80 ºC until the weight of the 

tube was stable (approximately 3 days).  

2.2 Culture media 

 All media were sterilised in autoclave for 20 min at 121 ºC. For solid media it 

was generally used agar 2 % (w/v), the exceptions are indicated in the media 

compositions. 

2.2.1 E. coli culture media 

LB [262]: Tryptone 1 % (w/v), Yeast extract 0.5 % (w/v) and NaCl 0.5 % (w/v). pH was 

adjusted to 7.5. 

 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=455632
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SOB [257]: bacto-tryptone 2 % (w/v), yeast extract 0.5 % (w/v), NaCl 10 mM, KCl 2.5 

mM. The pH was adjusted to 7.0 and before usage MgCl2 and MgSO4 were added at a 

final concentration of 10 mM.  

2.2.2 Streptomyces media 

TBO [22]: tomato paste 2% (w/v), oat flakes 2% (w/v) and agar 2.5% (w/v).  The pH 

was adjusted to 5.5.  

 

MYM: Maltose 0.4 % (w/v), yeast extract 0.4 % (w/v) and malt extract 1 % (w/v).  

 

R5 [17]: Sucrose 0.3 M, K2SO4 1.5 mM, MgCl2.6H2O 50 mM, glucose 55 mM, 

casaminoacids 0.01 % (w/v), yeast extract 0.5 % (w/v), TES 25 mM and * trace solution 

0.2 % (v/v).  Before plating, the following components were added to 100 mL of 

medium:  1 mL of KH2PO4 0.5 % (w/v), 0.4 mL of CaCl2 5M, 1.5 mL of L-proline 20 % 

(w/v) and 0.7 mL of NaOH 1M.  

 

* trace solution: ZnCl2 0.3 mM, FeCl3.6H2O 0.7 mM, CuCl2.H2O 70 mM, MnCl2.4H2O 50 

mM, Na2B4O7.10H2O 30 mM and (NH4)6Mo7O24.4H2O 8 mM.          

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

YED [263]: yeast extract 1 % (w/v), glucose 1 % (w/v).  The pH was adjusted to 7.0.  

 

MS [264]: manitol 2 % (w/v), soy flour 2 % (w/v). Before plating, MgCl2 was added at a 

final concentration of 10 mM. 

 

Hopwood minimal media [265]: L-asparagine 0.05 % (w/v), K2HPO4 0.05 % (w/v), 

MgSO4.7 H2O 0.02 % (w/v), FeSO4.7 H2O 0.001 % (w/v), glucose 1 % (w/v). 

 

YEME [266]: yeast extract 0.3 % (w/v), peptone 0.5 % (w/v), malt extract 0.3 % (w/v), 

glucose 1 % (w/v) and MgCl2 5 mM. The pH was adjusted to 7.0 

 

2XTY [267]: tryptone 2 % (w/v), yeast extract 1 % (w/v), NaCl 86 mM. 

2.2.3 Culture media additives  

Due to their thermosensitivity, antibiotics were sterilised by filtration using 0.2 

m pore filters (Whatman), with the exception of antibiotics solubilised in organic 

solvents, which were not sterilised. Antibiotics were stored in aliquots at - 20 ºC. 

Culture media additives are listed in Table 2.1. 
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Table 2.1 - List of culture additives 

Culture additive 
Stock concentration 

(solvent) 
Final concentration 

Ampicillin (SIGMA) 100 mg/mL (dd H2O) 100 μg/mL 

Apramycin (SIGMA) 50 mg/mL (dd H2O) 50 μg/mL 

Chloranphenicol (SIGMA) 100 mg/mL (ethanol) 100 μg/mL 

Kanamycin (AMRESCO) 50 mg/mL (dd H2O) 50 g/mL 

Nalidixic acid (SIGMA) 
25 mg/mL (NaOH 0.15 M 

solution) 
25 μg/mL 

IPTG (BioVectra) 100 mM 100 μM 

X-Gal (Diagnostic Chemicals Ltd.) 
20 mg/mL (N,N-

dimethylformamide) 
20 g/mL 

 

2.3 DNA vectors 

pGEM®-T Easy  (3 kb) (PROMEGA) is a high copy number plasmid  with an origin of 

replication of the filamentous phage f1 (f1 ori). It includes as selective markers an 

ampicillin resistance gene (encodes a -lactamase) and a multiple cloning site (MCS) 

located in the β-galactosidase -peptide encoding region of lacZ (-complementation 

of strains like E. coli DH5). pGEM®-T Easy is acquired in the linearised form, due to 

the presence of 3’-T overhangs in the MCS between the SacII and the SpeI restriction 

sites.  

 

pUC19 (2.7 kb) [268] is a high-number copy plasmid derived from pBR322. It contains 

an origin of replication colE1 from E. coli and as selective markers the ampicillin 

resistance gene bla and a MCS located in the lacZ gene.  

 

pSETneo (5.8 kb) [148] is a derivative of pSET152 [269] obtained by the insertion of a 

913 bp fragment containing neo (kanamycin resistance gene) in the BamHI restriction 

site of the pSET152 MCS. Like pSET152, pSETneo contain an origin of transference 

oriT that allows the mobilization of this vector by intergeneric conjugation, a MCS in the 

lacZ gene, the apramycin resistance gene aac(3)-IV and the gene int from the 

actinophage C31 encoding an integrase that catalyse the site-specific integration of 

the plasmid into the host genome through the recognition of the attP site (from the 

actinophage C31 and present in this vector) and the attB site (present in the genome 

of actinobacteria).  
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pIB139 (5.9 kb) [270] is also a derivative of pSET152 [269] that was obtained by the 

insertion of a XbaI 300 bp restiction fragment, containing the strong constitutive 

promoter ermE*p, into the XbaI restriction site present in the pSET152 MCS. This 

plasmidic vector was used to overexpress genes in S. natalensis ATCC 27448, by 

cloning the entire target gene sequence downstream of ermE*p. 

 

SuperCos1 (7.9 kb) (Stratagene) is a cosmid vector that contains an ampicillin 

resistance gene (bla), a kanamycin resistance gene (neo), a pUC origin of replication 

and bacteriophage promoter sequences (cos recognition sequences) flanking a unique 

cloning site XbaI. Additionally, it contains a MCS with EcoRI, NotI and BamHI 

restriction sites.  

2.4 DNA procedures 

2.4.1 Streptomyces genomic DNA purification 

 To isolate genomic DNA from Streptomyces it was used a commercial kit 

“MasterTM pure Gram-positive DNA purification kit” (Epicentre). The protocol provided 

by the manufacturer was subjected to minor modifications, namely the inclusion of a 

step where the samples were treated with Fenol-CIA (fenol, chloroform and isoamyl 

alcohol in the proportion 25:24:1 saturated by Tris pH 8.0 10 mM and EDTA 1 mM) 1 

volume, after the RNase A treatment. 

2.4.2 DNA purification from E. coli 

 The extraction of cosmid DNA from E. coli was performed by alkaline lysis as 

previously described [267]. 

 Plasmid DNA was extracted using the commercial kit “GenElute TM Plasmid 

Miniprep Kit” (SIGMA-ALDRICH) and following the protocol provided by the 

manufacturer. 

2.4.3 Measurement of DNA concentration and quality 

 DNA concentration and the quality ratios A260/A280 and A260/A230 of DNA samples 

were assessed using the NanoDropTM
 ND-1000 (Thermo Scientific) spectrophotometer. 

The estimation of DNA concentration is based on the equation 1 unit A260 nm = 50 

μg/μL. The A260/A280 ratio is used as an indicator of purity in DNA samples (optimal 

ratio: approximately 1.8). Typically this ratio is lowered by contamination with proteins, 

since certain amino acid residues present peaks of absorbance around 280 nm. The 

A260/A230 ratio is another indicator of purity in DNA samples that should be ranging 
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between 2 and 2.2. A low A260/A230 ratio is normally associated with non-protein 

contaminants, like organic solvents used in the extraction of nucleic acids. 

2.4.4 DNA enzymatic treatments 

2.4.4.1 Polymerase chain reaction 

 The polymerase chain reaction (PCR) was used to obtain a high number of 

copies of a certain DNA fragment. PCR reactions with DNA template from 

Streptomyces included dimethyl sulphoxide (DMSO) at a final concentration of 5 % 

(v/v), due to the high G+C content typical of actinobacterial genomes. In the course of 

the laboratorial work two DNA polymerases were used: GoTaq ® (Promega) and Pfu 

(Fermentas). The PCR reactions were performed in the C1000TM thermo cycler (Bio-

Rad) with the program described in Table 2.2. 

 

Table - 2.2 Program routinely used in PCR.  

Step Temperature / Time Cycles 

Initial denaturation 95 ºC / 5 min 1 

Denaturation 95 ºC / 30 sec 

25 -35 Annealing Ta / 30 sec 

Extension 72 ºC / variable 

Final extension 72 ºC / 10 min 1 

 

Ta – annealing temperature.   

The time of extension varied according to the length of the amplicon and the rate of amplification of the DNA 

polymerase.     

 

 For colony PCR, 5 l of cell suspensions were used in each PCR reaction. The 

PCR program differed from the one routinely used in the initial denaturation step that 

lasted for 10 min, in order to promote cell lysis.  

 The primers used in the different PCR analysis of this work are listed in Table 

2.3. 
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Table 2.3 - List of primers used in PCR reactions 

 

Target Primer Primer sequence (5’ → 3’) 

Expected 

amplicon 

length 

(bp) 

G
e

n
e

 id
e

n
ti

fi
ca

ti
o

n
 

sodF 

sodF_F RYCCSSAGATCATCGAGC 

460 

sodF_R TGSAGRTAGAAGGCGTGC 

ahpC 

ahpC_F CTGTCGGTGACAAGTTCCCC 

500 

ahpC_R GSTCCAGTTGCACGGGCA 

katA1 

katA1_F CGACCTSACCAAGGTSTG 

216 

katA1_R TTGAYGCCGASGCGGTAG 

G
e

n
e

 d
e

le
ti

o
n

 

sodF 

M_sodF_F ACTACTGCATTCACGCAGCTTGGAGGCGGGATCGGCATG *
1
 

1462 

M_sodF_R AAGACGATCACGAGGCAGGACGATCAGAGGGCGCCGTCA *
2
 

ahpCD 

M_ahp_F CCCCCGCAGGTTTTTCTTTCGCTGCAAGGAGAGCGCGTG *
1
 

M_ahp_R TCTTTGCGCAATGATCCGGCGCGCTGCCGACGGGAGTTA *
2
 

katA1 

M_katA1_F CCAAGGGACAGGTGGAGATCACTTCAGGAGGCGCACGTG *
1
 

M_katA1_R CGAGAGCGCGCGGCGGTTTAGCCGCAAAGAGGCGTGCTA *
2
 

catR 

M_catR_F GTACCCTGGGCTGTATCTGACTGATAGGTGATTGGCATG *
1
 

M_catR_R CCTGGGGGCGGGCCGGACGCGGGACGCCGACCGCGGTCA *
2
 

G
e

n
e

 d
e

le
ti

o
n

 c
o

n
fi

rm
at

io
n

 

sodF 

C_sodF_F GCGCCCGTCCGGTGATCA 

801 

C_sodF_R GCTCCGTCATTCCGCCTGC 

ahpCD 

C_ahp_F CGTGTGGCACTGTTTGACCCG 

1314 

C_ahp_R ACCGCACCGGAACACGCA 

katA1 

C_katA1_F GGTTTAGCCGCAAAGAGG 

1506 

C_katA1_R GATCACTTCAGGAGGCGC 

catR 

C_catR_F ACCTGATCCGGTGATGGACC 

592 

C_catR_R TGAGAATCCGGGCCCTTG 

G
e

n
e

 c
o

m
p

le
m

e
n

ta
ti

o
n

 

sodF 

comp_sodF_F AGACGATCACGAGGCAGGACG 

893 

comp_sodF_R TTCGGTGTGGTGCTGGCC 

ahpCD 

comp_ahp_F TTACCGGTGAGACCACTGATAACC 

1302 

comp_ahp_R TTACTCCGCCAGCGCGTC 

neo neo_F GGTCTGCGTTGTCGGGAAG 500  
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Table 2.3 - List of primers used in PCR reactions (continuation) 

 neo neo_R GCTCAGGCGCAATCACGA  
G

e
n

e
 o

ve
re

xp
re

ss
io

n
 

sodF 

sodF_ermE_F CGGGATCCGACCAAAGGAGGCGGACATATGGCGACCTACACACTTCCG 

642 

sodF_ermE_R TCGATATCCCTCTAGACGTCACGGCGCCAGCAGCAG 

pIB139; 

pIBsodF 

pIB_U_F GGCTTGCGCCCGATGCTAGT 293 *
3
 

897 *
4
 pIB_U_R CCGGCTCGTATGTTGTGTGG 

R
T-

q
P

C
R

 

catR 

catR_A CAACGCCCACCACGACCA 

75 

catR_AS TCGCCCTGGAGATGGACG 

glpD1 

glpD1_S AGCATGTCCTCCCAGGGGA 

120 

glpD1_AS CATCCGCCTGTCCAAGGG 

katA1 

katA1_S CCTGGTCGGTCTTGAAGTGGTA 

80 

katA1_AS CTACGGCTCGCACACCTTC 

katA3 

katA3_S CACACCAAGGACGACGACTT 

81 

katA3_AS CTCCACCAGACGCTTCTTCTC 

leuS 

leuS_S CGCATCACCGCCTACGCC 

118 

leuS_AS AGTCGACCCGCGCACCCT 

lysA 

lysA_S AAACAGCACGACCAGCCC 

109 

lysA_AS CCGTGACCAGACGTCGTC 

manA 

manA_S CGCGCAGGATGTCCACAT 

123 

manA_AS AGCTGATCTGCGCCCTCAC 

nuoE 

nuoE_S ACCATCACGACGGGAGCG 

103 

nuoE_AS GGCACCTCGGTGTCGAGAAC 

pimM 

pimM_S GGCACGGCTCTACCTCAG 

111 

pimM_AS ATGGAGTAGGCACGGGAGA 

pimS1 

pimS1_S TGGCTCGGCATCGGATCA 

108 

pimS1_AS CCACCTTCGGACGCAACAC 

qcrB 

qcrB_S GAAGACCAGGATCAGGTGCGC 

100 

qcrB_AS CCCCGGCCACGACATCAT 
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Table 2.3 - List of primers used in PCR reactions (continuation) 

R
T-

q
P

C
R

 

sodF 

sodF_S GCCTGGGAGCACGCCTTC 

80 

sodF_AS CAGTTGACGACCCGCCACATC 

sodN 

sodN_S CTCTCCCGCCTGTTTGC 

75 

sodN_AS GGCCGGGTCGTACACG 

16S rRNA 

16S_S CAGGCTAGAGTTCGGTAGG 

117 

16S_AS CTCCTCAGCGTCAGTATCG 

 
The degenerated nucleotides are highlighted in bold. R – A, G; Y – C, T; S – G, C. 

 

*
1
 ATTCCGGGGATCCGTCGACC (5’ end sequence from the sense strand of the aac(3)IV-oriT resistance 

cassette) 

*
2
 TGTAGGCTGGAGCTGCTTC (5’ end sequence from the anti-sense strand of the aac(3)IV-oriT 

resistance cassette) 

 

*
3 

with pIB139 

*
4 

with pIBsodF 

2.4.4.2 Digestion of DNA with restriction endonucleases 

 The different restriction endonucleases used to digest DNA were acquired from 

different commercial manufacturers (Amersham, Fermentas, NE Biolabs and 

Stratagene). The optimal conditions of restriction reactions were chosen according to 

the indications provided by the manufacturer for each restriction endonuclease.     

2.4.4.3 Alkaline phosphatase 

 The efficient cloning of an insert requires the vector to be in its linearized form. 

To prevent spontaneous recircularization, vectors were treated with an alkaline 

phosphatase. The alkaline phosphatase (Fermentas) reaction and posterior inactivation 

were performed following the protocol provided by the manufacturer.  

2.4.4.4 Ligation of DNA fragments 

 For the ligation of DNA molecules a ligase isolated from the phage T4 (T4 DNA 

ligase) was used. The vector pGEM®-T Easy (Promega) commercial kit included a T4 

DNA ligase and the correspondent reaction buffer. For ligation reactions with other 

vectors, a T4 DNA ligase (Fermentas) was used following the instructions from the 

manufacturer.  
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2.4.5 Electrophoresis of DNA fragments in agarose gel 

 Electrophoresis of DNA in agarose gel (Invitrogen) was used to separate DNA 

fragments by their molecular weight and/ or to confirm the molecular weight of the DNA 

fragments [267]. Agarose was dissolved in TAE buffer [TAE 50x: 242 g of Tris base,  

57,1 mL of glacial acetic acid, 100 mL of EDTA 0.5 M pH 8.0; ddH2O up to 1 l] by 

heating the mixture, then the agarose gel formed by cooling this solution at RT. 

Routinely 1 % (w/v) agarose gels were used, albeit in some cases, to distinguish large 

DNA fragments, 0.8 % (w/v) agarose gels were used. Ethidium bromide was added at 

a final concentration of 0.1 g/mL before the agarose gel was formed. Before 

electrophoresis, each sample was mixed with 1/6 V of the loading buffer (6x) [glycerol 

1.5 % (w/v) and Orange G 200 g mL-1 (SIGMA)]. The gel was placed in an 

electrophoresis apparatus (Horizon), immersed in TAE and the samples were loaded. 

GeneRulerTM (Fermentas) and the  phage digested with HindIII (Fermentas) were 

used as DNA ladders. The electrophoresis run occurred at 80 to 90 V. The final image 

of the agarose gels after electrophoresis was captured in Gel DocTM (Bio-Rad). 

2.4.6 Purification of DNA from agarose gels or enzymatic mixtures 

 DNA purification from agarose gels was performed using a commercial kit 

“GFXTM PCR DNA and Gel Band Purification Kit” (GE Healthcare) and following the 

protocols provided by the manufacturer.    

2.4.7 DNA sequencing 

 DNA fragments were sequenced at STAB Vida (Lisbon, Portugal). GenBank 

accession numbers of sequences originated from this work and deposited in NCBI 

database: JN005772, JN005773 and JN005774. 

2.4.8 DNA-DNA hybridisation (Southern Blotting) 

 In the Southern blotting analysis, DNA was first digested by restriction 

endonucleases and the resulting fragments were separated by electrophoresis in an 

agarose gel of 0.8 % (w/v). The phage DNA digested with Hind III labelled with 

digoxigenin (Roche) was used as a ladder. DNA transfer from the agarose gel to a 

nylon membrane (Amersham) was carried out in the vacuum system (Bio-Rad) and 

following a previously described procedure [267]. The screening of the S. natalensis 

ATCC 27448 cosmid library [22] was made by Southern blotting, as previously 

described [267].  
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 DNA probes used in Southern blotting analysis were labelled with digoxygenin 

using the commercial kit “DIG-High prime” (Roche) and following the protocol provided 

by the manufacturer. Generally, 300-500 ng of DNA probe were used in the digoxigenin 

labelling procedure. Hybridisation and detection were performed as afore described 

[267] and using the alkaline phosphatase substrate CPD-Star (Roche). 

2.4.9 Transformation of E. coli DH5 

 E. coli DH5competent cells and transformation protocols were performed as 

previously mentioned [267]. 

2.4.10 Introduction of DNA in S. natalensis ATCC 27448 by intergeneric 

conjugation 

 In Streptomyces, foreign DNA can be introduced through intergeneric 

conjugation or by electroporation of protoplasts or even intact cells [17, 271]. 

Regarding S. natalensis ATCC 27488, as far as it is known, DNA can only be 

introduced through intergeneric conjugation [272]. 

 The bacterial conjugation process consists in the transfer of DNA through cell-

to-cell contact from a donor cell into a recipient cell. E. coli ET12567 [pUZ8002] was 

used as donor cells, while S. natalensis spores were the recipient cells. [272]. 

Intergeneric conjugation process was based on afore described protocols [17, 272]. 

2.5 Gene deletion in S. natalensis ATCC 27448 through the 

Redirect technology 

 The Redirect © technology is a two-stepped PCR-based method in which a 

target gene is replaced by a resistance cassette through double recombination [273]. In 

the first step, the target gene contained in a cosmid is replaced by a resistance cassete 

through homologous recombination. In the second step, the mutated cosmid is 

transferred to Streptomyces (intergeneric conjugation) and the target gene 

chromosomal loci of is replaced by the resistance cassette also through homologous 

recombination. The Redirect protocol is available in http://streptomyces.org.uk/redirect/. 

 For S. natalensis mutants construction, it was used apramycin resistance 

cassette from plasmid pIJ773 - oriT - aac(3)IV-oriT. This resistance cassette was 

amplified using primers listed in Table 2.3 and Pfu DNA polymerase. The amplification 

product was purified and introduced in E. coli BW25113 [piJ790] harbouring the cosmid 

with the target gene. The induction of  RED recombination system catalysed the 

replacement of the target gene by aac(3)IV-oriT. The mutated cosmid was then 

http://streptomyces.org.uk/redirect/
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purified, transformed in E. coli ET12567 [pUZ8002] and transferred to S. natalensis 

ATCC 27448 by intergeneric conjugation.  

 Double recombinant exconjugants were resistant to apramycin (selective 

marker of the resistance cassette) and sensitive to kanamycin (due to the loss of the 

cosmid). When necessary, to promote double recombination, the exconjugants were 

grown in liquid YEME without antibiotics and afterwards inoculated in TBO plates with 

kanamycin and TBO plates with apramycin. Double recombinants were confirmed by 

PCR and Southern Blotting.  

2.6 RNA procedures 

2.6.1 RNA purification 

 RNA was purified from S. natalensis strains using a commercial kit “RNeasy 

Mini Kit” (Qiagen). The protocol provided by the manufacturer was modified in order to 

optimise the RNA extraction for Streptomyces as previously described [274]. 

2.6.2 Measurement of RNA concentration, purity and integrity 

 Like in DNA analysis, the determination of the RNA concentration and the 

quality ratios A260/A280 and A260/A230 was performed using the NanoDropTM
 ND-1000 

(Thermo Scientific) spectrophotometer. The quantification of RNA at 260 nm was 

based on the equation 1 unit of A260 nm= 40 g/L. The quality ratio A260/A280 indicating 

the contamination with proteins in RNA samples should be approximately 2. The non-

proteic contamination ratio A260/A230 should range between 2 and 2.2 in RNA samples. 

 RNA integrity was determined in an ExperionTM
 Automated Electrophoresis 

System (Bio-Rad), which retrieves a numerical value of RNA integrity - RQI. This value 

ranges from 1 to 10, with 10 corresponding to RNA with the best quality. RNA samples 

were considered to be of sufficient quality when the RQI was above 7. 

2.6.3 Synthesis of complementary DNA 

 Prior to complementary DNA (cDNA) synthesis, RNA samples were subjected 

to an additional DNase treatment. This step was performed using the commercial kit 

“DNA-freeTM” (Ambion) and following the protocol provided by the manufacturer. 

To check if there was any trace of genomic DNA in the samples, a standard 

PCR reaction was performed using specific primers for S. natalensis ATCC 27448 16s 

rRNA gene and 3 l of the DNAse treated RNA sample as template. As a positive 

control it was used the S. natalensis ATCC 27448 genomic DNA.  
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cDNA synthesis was carried out using the commercial kit ”iScriptTM One-Step 

RT-PCR Kit” (Bio-Rad). 4 l of the reaction mixture provided in the kit were added to 16 

l DNAse-treated RNA samples (corresponding to 1 g of RNA). Next, samples were 

incubated at 25 ºC for 5 min, then at 42 ºC for 35 min and finally at 85 ºC for 5 min, 

using the C1000TM thermo cycler (Bio-Rad). The resulting cDNA was stored at -20 ºC. 

2.6.4 Reverse transcriptase quantitative polymerase chain reaction  

 Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) was 

performed in iQ™ 96-well PCR plates (Bio-rad) covered with Optical Sealing Tape 

(Bio-Rad). Each reaction contained 0.2 µM of each primer, 10 l of the commercial 

reaction mixture “iQ™ SYBR® Green Supermix” (Bio-rad), 2 µL of template cDNA 

(dilution 1/8) and the final volume (20 l) was completed with Milli-Q water. The PCR 

per se was carried out in the “iCycler iQ5 Real-Time PCR Detection System” (Bio-Rad) 

with the program described in Table 2.4. 

  

Table 2.4 - Program of PCR used in RT-qPCR.  

Step Temperature / Time Cycles 

Initial denaturation 95 ºC / 5 min 1 

Denaturation 95 ºC / 30 sec 

45 Annealing Ta / 30 sec 

Extension 72 ºC / 30 sec 

 

Ta - Annealing temperature was set according to the pair of primers, 

 

 To assess the relative efficiency and quality of each pair of primers serial 

dilutions of a cDNA sample (1/2, 1/4, 1/8 and 1/16) were used and tested for different 

annealing temperatures (55 ºC, 60 ºC and 65 ºC). Pair of primers were considered to 

be efficient in the range 90 % to 110 %. A negative control (non-template control) and a 

melting curve analysis were performed for all the reactions. RT-qPCR analysis included 

three biological replicates and technical triplicates/duplicates of each cDNA. The 

obtained data was analysed in “iQ5 Optical System Software v2.1” (Bio-Rad) and the 

“CFX Manager” (Bio-Rad). The normalised fold expression of the target genes was 

calculated relative to the transcription of the reference genes 16 S rRNA and lysA, 

applying the method described by Pfaffl [275]. The normalised fold expression for each 

target gene corresponds to the mean and standard deviation of the technical 

triplicates/duplicates representative of the biological replicates. The identity of each 

amplified product was corroborated by sequencing the PCR products. 
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2.7 Protein procedures 

2.7.1 Protein crude extracts 

Protein crude extracts were obtained from 1 to 2 mL of culture (depending on 

the growth phase). The harvested mycellium was washed in 1 mL of potassium 

phosphate buffer [K2HPO4.3H2O 50 mM and KH2PO4 50 mM, pH 6.7], and 

ressuspended in 300 μL of the same buffer including 25 % (v/v) of complete protease 

inhibitor cocktail tablets (Roche). Cell disruption was performed by sonication (Branson 

Sonifier, Model B-15), using 3 cycles of 10 sec, duty cycle 50 % and an output of 3. 

The lysate was centrifuged and the supernatant was transferred to a clean. Throughout 

all the protocol samples were maintained at 4 ºC. 

2.7.2 Protein quantification 

Protein crude extracts were quantified using the commercial reagent “BCATM
 

Protein Assay Kit” (Pierce). Bovine serum albumin (BSA) was used as standards. 

2.7.3 Protein unidimensional electrophoresis 

2.7.3.1 Denaturating conditions 

 The separation of proteins under denaturating conditions was carried out by 

SDS polyacrylamide gel electrophoresis (SDS-PAGE). The cast of the polyacrilamide 

gels and electrophoresis were performed in the “Mini-PROTEAN® Tetra Cell” system 

(Bio-Rad). The stacking and running gel composition is described in Table 2.5.   

Table 2.5 - Components of the stacking and running polyacrylamide gels used in SDS-PAGE.  

Stacking gel Running gel 

*
1
Acrylamide 30 % (w/v)  250 L *

1
Acrylamide 30 % (w/v) 1.8 mL 

*
2
Stacking Buffer 625 L *

3
Running buffer 1.3 mL 

Deionized water 1.6 mL Deionized water 2.3 mL 

Ammonium persulfate  
10 % (w/v) 

18.8 L 
Ammonium persulfate  
10 % (w/v) 

41 L 

TEMED 2.5 L TEMED 4.3 L 

   

*1 Acrylamide/ Bis-acrylamide (29:1) (SIGMA) 30 % (w/v)  

*2Stacking Buffer: Tris-HCl pH 6.8 0.5 M and SDS 0.4 % (w/v) 

*3Running buffer: Tris-HCl pH 8.8 1.5 M and SDS 0.4 % (w/v) 
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Prior to the electrophoresis, protein samples were mixed with a denaturating 

loading buffer [Tris-HCl pH 6.8 125 mM, SDS 4 % (w/v) glycerol 20 % (w/v), -

mercaptoethanol 10 % (v/v) and  bromophenol blue 0.01 % (w/v)] and additionally 

denaturated by heating the mixture at 100 ºC for 5 min. The electrophoresis buffer [Tris 

pH 8.3 25 mM, glycine 192 mM and SDS 0.1 % (w/v)] was poured into the 

electrophoresis apparatus covering entirely the polyacrymide gel casts. The used 

protein ladder was “LMW Calibration kit For SDS Electrophoresis” (GE Healthcare). 

The electrophoresis run occurred at 50 V until the sample entered entirely in the 

stacking gel and then a voltage of 80 V was applied. 

2.7.3.2 Native conditions 

  Protein extracts were subjected to polyacrilamide gel electrophoresis in native 

conditions (native-PAGE), in order to detect specific enzymatic activities. Native-PAGE 

stacking and running polyacrylamide gel composition is described in Table 2.6. The 

used concentration of acrylamide in the running gel was dependent on the molecular 

weight of the enzymes whose activity was being assayed.  Catalases are usually high 

molecular weight proteins and thus a lower acrylamyde concentration was used, 

namely 7.5 % (w/v). SODs are low molecular weight proteins and thereby an 

acrylamide concentration of 10 % (w/v) was used. The cast of polyacrylamide gels and 

electrophoresis was performed in the “Mini-PROTEAN® Tetra Cell” system (Bio-Rad).  

 

Table 2.6 - Components of the stacking and running 10 % (w/v) polyacrylamide gels used in native PAGE and 

the correspondent volumes. 

Stacking gel Running gel  

*
1
Acrylamide 30 % (w/v)  1 mL *

1
Acrylamide 30 % (w/v) 3.3 mL 

Tris-HCl pH 8.85 2M 1 mL Tris-HCl pH 6.8 1 M 1.88 mL 

Deionized water 5.12 mL Deionized water 4.71 mL 

Ammonium persulfate  
10 % (w/v) 

80 L 
Ammonium persulfate  
10 % (w/v) 

100 L 

TEMED 8  L TEMED 10 L 

 

*1 Acrylamide/ Bis-acrylamide (29:1) 30 % (w/v) (SIGMA) 

 

 Before loading in the native polyacrylamide gel, protein samples were mixed 

with a loading buffer [Tris-HCl pH 6.8 125 mM, glycerol 80 % (w/v) and bromophenol 

blue 0.01 % (w/v)]. Electrophoresis buffer [Tris-HCl pH 8.3 25 mM and glycine 192 mM] 
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was poured into the electrophoresis apparatus until it covered entirely the native gel 

cast and it was applied the same voltage as in SDS-PAGE.  

2.7.4 Two-dimensional electrophoresis 

Two-dimensional electrophoresis (2-DE) is a method that encompasses several 

steps, which include sample preparation, rehydration, isoelectric focusing (IEF), 

immobilized pH gradient (IPG) strip equilibration for the second dimension, SDS-PAGE 

electrophoresis and staining. S. natalensis ATCC 27448 protein extracts for 2-DE were 

performed as previously described (Chapter 2.7.1). After quantification, 150 g of 

protein extract was incubated with 3 % (v/v) of Benzonase Nuclease (SIGMA) at 37 ºC 

for 30 min in order to remove nucleic acids. Afterwards the sample had an additional 

cleaning step with “2-D clean up Kit” (GE Healthcare). The pellet obtained after the 

clean-up step was resuspended in 400 l of Urea 8 M, CHAPS0.5 % (w/v), Triton X-

1000.5 % (w/v), DTT 0.2 % (w/v)and IPG Buffer 3-10 0.25 % (v/v) (Bio-Rad). When 

necessary, it was performed a sonication step (duty cycle 60 %; output 1; 10 sec) in a 

“Branson sonifier 250” (G. Heinmen), in order to improve protein solubilisation. The 

resulting homogenised solution was used for IEF in 17 cm precast IPG strips (Bio-Rad) 

with a pH gradient of 4-7. Rehydration of the IPG strips occurred ON at RT. Isoelectric 

focusing was performed in a “PROTEAN IEF Cell” (Bio-Rad). After positioning the 

strips in the focusing tray, two paper electrode pads per strip were moist, one with 

ddH2O, for the pad to the anode, and other with DTT 10 mM, to the cathode. Finally, 

the strips were covered with mineral oil, to avoid evaporation and carbamylation, due to 

the presence of urea. Isoelectric focusing was performed using the following 

conditions: (i) a conditioning step of 250 V for 15 minutes, to remove salt ions and 

charged contaminants; (ii) a voltage ramping step that increases the voltage to the 

maximum voltage, without exceeding the current limit of 50 A/strip; (iii) a time of 

60.000 V/h is programmed to complete the focusing process once the maximum 

voltage of 10.000 V is reached and (iv) a final hold step at 500 V is maintained until the 

run is stopped, to prevent diffusion of focused proteins or over-focusing artefacts. To 

solubilise focused proteins and to allow SDS binding for the second dimension, it was 

necessary to equilibrate focused IPG strips in the SDS equilibration buffer [Urea 6 M, 

SDS 2 % (w/v), EDTA 0.1 mM, glycerol 30% (v/v), bromophenol blue 0.01% (v/v) and 

Tris-HCl pH6.8 50 mM]. The equilibration process is divided in two steps: a reduction of 

the sulphydryl groups, by incubation of the strips in the equilibration buffer with DTT 1% 

(w/v) for 20 min with gentle agitation and an alkylation of the sulphydryl groups where 

the strips are incubate in the equilibration buffer with iodoacetamide 2.5% (w/v) for 
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another 20 min with gentle agitation. Second dimension was performed in a 

polyacrylamide gel 12.5 % (w/v) using the “Ettan™ DALTsix Large Vertical System” 

(GE Healthcare). Electrophoresis conditions were: 25 mA for gel for 1 h and 350 mA for 

4 h at 4 ºC. IPG strips were positioned directly on top of the gel and to secure the 

strips, they were overlaid with melted agarose 0.5 % (w/v) prepared in SDS-PAGE 

running buffer. Gel staining was performed recurring to the silver staining method 

compatible with mass-spectrometry [276]. After electrophoresis, the gel was placed into 

a tray containing appropriate volume of fixation solution [ethanol 50 % (v/v), acetic acid 

12 % (v/v), formalin 0.05 % (v/v)]. The proteins were left to fixate ON at RT with gentle 

shaking. The fixation solution is removed and the gel was rinsed twice with ethanol 20 

% (v/v) for 10 min each wash. Afterwards the gel was incubated with the sensitizing 

solution [Na2S2O3 0.02 % (w/v)] for 2 min, with gentle agitation. The sensitising solution 

was removed and the gels washed twice for 1 min with ddH2O. The water was removed 

and the gel was incubated with the silver staining solution [AgNO3 2 % (w/v) and 

formalin 0.076 % (v/v)] for 20 min. After staining is complete, the gel is washed twice, 

briefly, with ddH2O and then with the developing solution [Na2CO3  6% (w/v), Na2S2O3 

0.0004 % (w/v) and formalin 0.05 % (v/v)]. The developing reaction is stopped as soon 

as the desired intensity of the spots is reached, with the terminating solution [acetic 

acid 12 % (v/v)]. Gels can be kept in ddH2O at 4 ºC in sealed plastic bags. 

2D gels were scanned using the GS-800 densitometer (Bio-Rad). 2D gels were 

analysed with “PDQuest” software, version 8.0.1 (Bio-Rad CA). Data were normalised 

using the local regression model (LOESS) which is the most sophisticated 

normalisation method available in PDQuest. We performed an A-B analysis which is 

commonly used for experiments control vs. treated. This method allowed the 

quantitative identification of differences between protein extracts from control and H2O2 

treated cells. A 2-fold change was defined as the threshold value. To complement this 

study the student t-test method was used (significance level of 90%). After the analysis, 

the spots of interest were cutted from the gels with a spot picker of 3.0 mm diameter. 

Protein identification was performed by the “Proteomic Unit” at IPATIMUP. Briefly, the 

gel pieces were digested with trypsin and the proteins digests were desalted and 

concentrated using ZipTips (Millipore). Samples were analysed in the “4700 

Proteomics Analyser MALDI-TOF/TOF” (Applied Biosystems). Peptide mass fingerprint 

data was collected in MS reflector mode in the range of 700–4000 m/z and was 

calibrated internally using trypsin autolysis peaks. A search was then carried out in the 

database of NCBI (nr) using the selection list of “Other Actinobacteria”. 
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2.7.5 Western blotting 

 Extraction and quantification of proteins was performed as previously described 

(Chapters 2.7.1 and 2.7.2). Next, proteins were separated by their molecular weight in 

a denaturing SDS-PAGE and transferred to a nitrocellulose membrane “HybondTM –C 

Extra” (Amersham). Briefly, the protein transference process was carried out in a “V20 

Semi-Dry Blotter” (Scie-Plas Ltd.), using the semi-dry transference solution [Tris 60 

mM, glycine 35 mM and SDS 0.05 % (w/v)] and applying an electric current intensity of 

0.8 mA per cm2 of nitrocellulose membrane, for 1 h. Next, the membrane was blocked 

ON at 4ºC with dry milk 5 % (w/v) in TPBS [NaCl 137 mM, KCl 2.7 mM, Na2HPO4 4.3 

mM, KH2PO4 1.47 mM and Tween-80 1 % (v/v)], rinsed twice in TPBS, incubated with 

anti-cpeB (antibody raised agaist the catalase–peroxidase of S. reticuli [277]) in a 

1:10000 dilution for 2 h at RT, rinsed twice in TPBS, incubated with the secondary 

antibody goat anti-rabbit IgG-peroxidase (SIGMA) in a dilution 1:5000 for 1.5 h at RT 

and the detection was performed using the “ECL plus Western Blotting system” 

(Amersham) and following the instructions provided by the manufacturer.  

2.7.6 Enzyme activity measurements 

2.7.6.1 Catalase activity  

The spectrophotometric determination of catalase activity was carried out in 

“Shimadzu UV-240” following a previously described protocol [278]. This method is 

based on the spectrophotometrical detection of H2O2 disappearance at 240 nm 

catalysed by catalase. Catalase activity was expressed in units per mg of total protein 

(U/mg), in which 1 unit corresponds to the amount of enzyme necessary to decompose 

1 mol of H2O2 per min, at 25 ºC. The reaction mixture contained 100 g of protein 

extract and 10 mM H2O2 in potassium phosphate buffer pH 6.8 50 mM in a final volume 

of 1 mL. 

 Catalase activity was observed on native polyacrylamide gel 7.5 % (w/v) using a 

specific negative staining [279]. This method is based on a colour-detection technique: 

gels are soaked into a solution of horseradish peroxidase, which catalyses the 

conversion of diaminobenzidine (DAB) into a brown compound, using H2O2 as a co-

factor. In the area(s) of the gel corresponding to proteins displaying catalase activity, 

the H2O2 is degraded and therby an uncoloured band becomes visible. Electrophoresis 

was performed on 7.5% (w/v) native polyacrylamide gels. Afterwards, gels were 

soaked in potassium phosphate buffer pH 6.8 50 mM containing 50 μg/mL of 

horseradish peroxidase (SIGMA) for 45 min at room temperature, followed by the 

addition of 5 mM of H2O2 and further incubation for 10 min. The gel was then rapidly 
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washed twice with ddH2O and soaked into a solution of 0.5 mg/mL DAB (SIGMA) 

dissolved in potassium phosphate buffer pH 6.8 50 mM. 

2.7.6.2 SOD activity 

 The spectrophotometric measurement of SOD activity is based on the inhibition 

of the reduction of cytochrome c by the superoxide anion [280]. The degradation of 

xanthine by xanthine oxidase generates superoxide anion, which reduces cytochrome 

c. The rate at which cytochrome c is reduced is measured in a spectrophotometer at 

550 nm (Shimadzu UV-240) and at 25 ºC. The inclusion of protein extracts containing 

SOD in the reaction will destroy some of the superoxide anion generated by the action 

of the xantine oxidase, which will decrease the cytochrome c reduction rate. Thus, 1 

unit of SOD activity corresponds to a 50 % decrease in the cytochrome c reduction rate 

in 1 min. The final SOD specific activity was expressed in SOD activity units per mg of 

protein. The reaction mixture is composed by 2.9 mL of solution A [xanthine 45 M 

dissolved in 20 mL of NaOH 1 mM and 50 mg of cytochrome c from horse heart 

(SIGMA) dissolved in 200 mL of potassium phosphate buffer pH 7.8 50 mM and EDTA 

0.1 mM; this solution can be used for multiple readings and is stable at 4ºC for 

approximately 3 days], 50 l of solution B [xanthine oxidase 0.2 U dissolved in 1 mL of 

EDTA 100 mM; prepared as a fresh solution] and 50 l of protein extract.   

 SOD activity was observed in native polyacrylamide gels by a negative specific 

staining [280]. The light induced reduction of riboflavin by TEMED was used to 

generate superoxide anion. This particular ROS reacts with nitroblue tetrazolium (NBT) 

forming a blue precipitate. Proteins with SOD activity detoxify the superoxide anion and 

hence no NBT is reduced, leaving that gel area colourless. After electrophoresis the 

native polyacrilamyde gel 10 % (w/v) was soaked in NBT 2.45 mM dissolved in ddH2O 

for 20 min at RT. Next, the NBT solution was discarded and the gel was immersed in 

the development solution [riboflavin 86 M and TEMED 28 mM dissolved in potassium 

phosphate buffer pH 7.8 36 mM] for 15 min. Finally the gel was placed in ddH2O and 

illuminated with a 60 V lamp until the SOD activity bands were well visualized. 

2.7.6.3 Peroxidase activity  

 The peroxidase activity was assayed in native polyacrylamide gel 7.5 % (w/v) 

by a specific positive staining [281]. In this assay the compound N,N-

diethylphenylenediamide (DEPDA) is used as the substrate for peroxidases. The 

degradation of DEPDA by peroxidases (using H2O2 as a co-factor) results in a visible 

blue precipitate. After electrophoresis, the native polyacrylamide gel was immersed in a 
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mixture of solution A [120.4 mg of DEPDA and 196.5 mg of 4-CN dissolved in 1 mL of 

ddH2O, the final volume (10 mL) was completed with acetonitrile; this stock solution 

can be stored at -20 ºC] and solution B [H2O2 1 mM in sodium acetate pH 5.0 0.1 M; 

prepared as a fresh solution] in a proportion of 1:50, until the peroxidase activity bands 

were well visualised. 

2.7.6.4 Glyceraldeheyde 3-phosphate dehydrogenase activity 

 The spectrophotometric measurement of Glyceraldeheyde 3-phosphate 

dehydrogenase (GAPDH) activity was based on the reduction of NAD+ to NADH 

catalysed by GAPDH [282].  In this assay fructose 1,6-biphosphate is metabolized by 

fructose biphosphate aldolase, generating glyceraldeheyde 3-phosphate, which is 

converted into D-glycerate 1,3-bisphosphate by the action of GAPDH (present in the 

protein crude extracts) with the concomitant reduction of NAD+ into NADH.  The rate at 

which NADH is formed is measured spectrophotometrically at 340 nm (Shimadzu UV-

240). 1 unit of GAPDH activity corresponds to the amount of enzyme necessary to 

produce 1 mol of NADH per min, at 25 ºC. The final volume of the reaction mixture 

was 1 mL and it contained 75 l of a solution with the necessary reagents [-NAD+ 

1mM, EDTA 10 mM, DTT 0.1 mM, fructose 1,6 biphosphate 7.8 mM and fructose 

biphosphate aldolase 0.03 U], protein sample (300 g) and potassium phosphate 

buffer pH 7.4 100 mM up to 1 mL. 

2.7.6.5 Glucose 6-phosphate dehydrogenase activity 

 The Glucose 6-phosphate dehydrogenase (G6PDH) activity was performed 

spectrophotometrically by measuring the reduction of NADP+ into NADPH [283]. The 

theoretical principle of this assay is based on the metabolisation of glucose-6-

phosphate by G6PDH with reduction of NADP+ into NADPH. The rate at which NADPH 

is generated is measured spectrophotometrically at 340 nm (Shimadzu UV-240). 1 unit 

of G6PDH activity is equivalent to the amount of enzyme necessary to produce 1 mol 

of NADPH per min, at 25 ºC. The reaction mixture was composed by 30 l of a solution 

with the necessary reagents [-NADP+ 0.25 mM and MgCl2 5 mM], 20 l of glucose 6-

phosphate 50 mM, protein sample (300 g) and potassium phosphate buffer pH 7.4 

100 mM up to 1 mL. 

2.7.6.6 Aconitase activity 

 Aconitase specific activity was measured spectrophotometrically as previously 

described [69]. The rate of isocitrate formation from citrate was followed at 240 nm, 
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using an absorption coefficient of 3.6 mM-1. 1 unit of activity transformed 1 nmol of 

substrate per minute, at 25 ºC. Protein crude extracts were resuspended in Tris-HCl 20 

mM pH 8.0 with DTT 5 mM. The reaction mixture contained Trisodium citrate 20 mM, 

protein sample (300 g) and Tris-HCl 90 mM pH 8.0 up to 1 mL. 

2.7.6.7 Valine dehydrogenase activity 

 Valine dehydrogenase specific activity was measured spectrophotometrically as 

previously described [284], following the formation of NADH at 340 nm. 1 unit of activity 

corresponded to the amount of enzyme necessary to produce 1 nmol of NADH per 

minute, at 30 ºC. The reaction mixture contained 20 L of NAD+ 50 mM, 100 L of L-

valine 100 mM, protein sample (300 g) and glycine/KCl/KOH 100 mM pH 10.5 buffer 

up to 1 mL. 

2.8 Quantification of intracellular reactive oxygen species 

(ROS) 

 Levels of intracellular H2O2 were detected with dihydrorhodamine 123 (DHR) 

(Invitrogen). DHR is a non-fluorescent molecule that upon oxidation is transformed into 

a fluorescent molecule - rhodamine 123 [285]. The ability to easily cross biological 

membranes makes DHR a powerful tool to measure the intracellular H2O2 levels. 

Aliquots of 1 mL from the culture broth were taken at selected time points, 

pellets were ressuspended in potassium phosphate buffer pH 6.8 50 mM and DHR was 

added to a final concentration of 15 mg/mL. Cells were incubated for 60 min at 30 ºC in 

the dark. Mycelium samples were then washed twice in potassium phosphate buffer pH 

6.8 50 mM and cells were broken by sonication. The amount of ROS was quantified 

with a spectrofluorometer (Fluoromax-4, Horiba) emitting at 504 nm and measuring at 

534 nm. Protein content of the crude extracts was used as normalisation factor. 

2.9 Inorganic phosphate determination  

 The malachite green colorimetric assay was used to determine the inorganic 

phosphate content in the culture broth [286]. A series of dilutions of KH2PO4 dissolved 

in ddH2O were used as standards. 
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2.10 Pimaricin production 

The production of pimaricin in liquid cultures was routinely quantified by 

spectrophotometric determination at 304 nm. A 100 L aliquot of culture was extracted 

with 8 volumes of water-saturated butanol, and the organic phase was diluted in water-

saturated butanol to bring the absorbance at 304 nm in the range of 0.1–0.8 

absorbance units. Pimaricin volumetric concentration was quantified using a solution of 

pure pimaricin (Calbiochem) as standard. The specific pimaricin concentration of S. 

natalensis cultures was calculated by normalizing the volumetric pimaricin production 

with the protein concentration or dry weight. To confirm the identity of pimaricin, a UV–

visible absorption spectrum (absorption peaks at 319, 304, 291 and 281 nm) was 

routinely determined. 

In addition to spectrophotometric determination, S. natalensis strains broth 

extracts were also analysed by UPLC using a “Waters ACQUITY System” coupled to a 

PDA detector, fitted with a reverse-phase “BEH C18 column” (2.1650 mm, particle size, 

1.7 mm.). Elution was performed with a methanol/water gradient (0.4 mL/min) 

according to the following program (methanol concentration): 50% 0–0.73 min, up to 

90% 0.73–2.90 min, 90% 2.90–4.83, down to 50% 4.83–6.02 min and 50% 6.02– 7.21 

min. Under these conditions pimaricin eluted at 2.60 min 

2.11 Interspecies microarray 

2.11.1 Microarray chip 

To study the transcriptome of the S. natalensis strains a “Custom Gene 

Expression Microarray, 8x15K” (Agilent) was used. The manufacturer provided slides 

with microarray chips containing approximately 15000 probes (60 bp oligonucleotides). 

Probes for the entire genome of the closely related strain S. avermitilis MA-4680 were 

included, since S. natalensis ATCC 27448 genome was not sequenced. Probes for the 

genes of S. natalensis ATCC 27448 whose sequences were publically available at 

February of 2011 were also included. Other sets of probes comprehended biosynthetic 

gene clusters of different macrolide polyenes, control genes (constitutive expression) 

from S. coelicolor A3(2) and a set of tiled probes (overlapping probes) spanning the 

entire pimaricin biosynthetic gene cluster, including the intergenic regions (Table 2.7).  
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Table 2.7 - Detailed description of the groups of probes included in the customised microarray chips.  

Organism 
Group 

of 
probes 

Description 
GeneBank 
accession 

number 

Number 
of 

probes 

S. avermitilis MA-4680 SAV 
Chromosomic CDS + tRNAs  

[20, 260] 
NC_003155 7791 

S. natalensis ATCC 

27448 

SNA 

Pimaricin biosynthetic gene cluster 

[22, 23, 147-149] 

AJ278573 

AJ585085 

AM493721 

FM864219 

214 phoRP and phoU AM176576 

sngR, sngA and sngB  AY919297 

pSNA1 genes AJ243257 

Tiled 
Pimaricin biosynthetic gene cluster 

[22, 23, 147-149] 

AJ278573 

AJ585085 

AM493721 

FM864219 

3236 

S. diastaticus var. 108 

Polyene  

Rimocidin biosynthetic gene cluster 

[287] 
AY442225 54 

S. nodosus ATCC 14899 
Amphotericin biosynthetic gene 

cluster [288] 
AY636001 131 

S. noursei ATCC 11455 
Nystatin biosynthetic gene cluster 

[289] 
AF263912 86 

Streptomyces sp FR-008 
FR-008 biosynthetic gene cluster 

[290] 
AY310323 94 

S. coelicolor A3(2) Control Genes with constitutive expression AL645882.2 106 

 

2.11.2 Nucleic acids labelling 

 For this experiment a two-colour microarray with a common reference design 

was chosen [291, 292]. Each microarray chip was hybridised with S. natalensis 

genomic DNA labelled with Cy5-dCTP (the common reference) and a cDNA labelled 

with Cy3-dCTP. All the procedures involving nucleic acids labelled with fluorophores 

were performed in low light or dark conditions. 

2.11.2.1 S. natalensis genomic DNA labelling with Cy5-dCTP 

 The extraction of genomic DNA was performed as previously described 

(Chapter 2.6.1). Once purified, genomic DNA incorporated dCTP nucleotides labelled 

with Cy5 (Amersham) through the action of a klenow DNA polymerase (Roche), 

according to a previously described protocol [293]. Briefly, 3 g of genomic DNA was 

mixed with 1 l of random primers and the mixture was denatured for 5 min at 95 ºC. 

Next, Kleenow DNA polymerase and Cy5-labelled dCTPs were added and the reaction 

occurred for 20-24 h at 37 ºC. The reaction mixture is described in Table 2.8. 
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Table 2.8 - Components of S. natalensis ATCC 27448 genomic DNA- Cy5 labelling reaction mixture. 

Genomic DNA 3 g 

Random primers (Roche) 1 L 

NEB Buffer nº 2 (10 x) (Roche) 5 L 

dNTP-G (dA/G/TTP 5 mM, dCTP 2 mM)  1 L 

Klenow DNA polymerase Polk (Roche) 2.5 L (5 U) 

Cy5-dCTP (Amersham) 1.5 L 

ddH2O Up to 50 L 

 

2.11.2.2 cDNA synthesis and labelling with Cy3-dCTP   

The incorporation of dCTP nucleotides labelled Cy3 in cDNA was performed 

during the synthesis of cDNA. RNA was extracted from mycelium as described before 

(Chapter 2.6.3). The labelling procedure was performed as afore described [293]. In 

brief, 4.2 g of RNA was mixed with 0.6 l random primers from the “SuperScript ® II 

reverse transcriptase” (Invitogen) commercial kit and the mixture was incubated for 10 

min at 70 ºC. Finally the Cy3-dCTPs and the SuperScript II were added to the reaction. 

The reaction mixture was incubated for 10 min at 25 ºC, followed by an incubation at 

42 ºC for 5 h. The components of cDNA-Cy3 labelling reaction mixture are listed in 

Table 2.9.  

 

Table 2.9 - Components of the cDNA-Cy3 reaction mixture 

RNA 4.2 g 

Random primers (Invitrogen) 0.6L 

First strand Buffer (5x) (Invitrogen) 2.1 L 

DTT 100 mM 1.1L 

dNTP-R (dA/G/TTP 25 mM; dCTP 10 mM) 0.2L 

Superscript II (Invitrogen) 0.5L 

Cy3-dCTP (Amersham) 0.7L 

ddH2O Up to 10 L 

 

To degrade RNA, 3.5 L of NaOH 1N was added and the mixture was 

incubated for 10 min at 70 ºC. Finally, NaOH was neutralised by the addition of 3.5 L 

of HCl 1M. 
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2.11.2.3 Purification of the labelled nucleic acids 

 The purification of Cy5-genomic DNA and Cy3-cDNA was performed using the 

commercial kit “MiniEluteTM PCR purification” (Qiagen). All procedure must take place 

without any direct contact with a light source. The used procedure was adapted from 

the protocol provided by the manufacturer. DNA concentration and the level of 

incorporation of Cy3 and Cy5 were measured spectrophotometrically in “NanoDrop 

ND-1000” (Thermo Scientific).  

2.11.3 Hybridisation of labelled nucleic acids with microarray chips 

 The previously purified Cy3-cDNA samples and the common reference Cy5-

genomic DNA were hybridised with the microarray chips according as previously 

reported [293]. Throughout all the procedure the samples were processed with no 

direct light in the room. Cy3-cDNA (80 pmol) and Cy5-genomic DNA (10 pmol) were 

mixed and denatured by incubation for 3 min at 94 ºC. Hybridisation solution (Table 

2.10) was added for a final volume of 50 L. This mixture corresponds to the final 

solution used to hybridise with one microarray chip. For the incubation with the 

microarray chips, 40 L from the final mixture were pippeted to the centre of the 

microarray chip and hybridisation occurred for 60 h at 55 ºC in dark conditions with 

slow agitation (4 rpm). 

 

Table 2.10 - Components of the hybridisation solution 

*
1
MES (12 x) 5 L 

NaCl 5M 12L 

Formamide 12 L 

EDTA 0.5 M 2.4 L 

Triton X-100 10 % (v/v) 6 L 

 

*1MES 12 x (1 L): 70.4 g of MES monohydrate (free acid) (SIGMA) and 193.2 g of MES 

sodium salt (SIGMA). Adjust pH to 6.5 with HCl. 

 

 After hybridisation the microarray chips were sequentially washed in 50 mL of 

three different solutions: Solution I [100 mL of SSC 20 x (NaCl 173.5 g; trisodium 

citrate 88.2 g; ddH2O up to 1 L); 50 mL of SDS 10 % (w/v); ddH2O up to 1 L] for 5 min 

at 42 ºC with agitation; Solution II [25 mL of SSC 20 x; 50 mL of SDS 10 % (w/v); 

ddH2O up to 1 L] for 2 min at RT with agitation; Solution III [25 mL of SSC 20 x; 500 L 

of DTT 0.2 M; ddH2O up to 1 L] for 5 min at RT with agitation. Finally, microarray chips 
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were scanned in Agilent G2565BA and the results were treated in the software 

“Feature extraction V8.1” (Agilent). 

2.11.4 Statistical analysis 

 “Feature Extraction V8.1” is a software that processes the data retrieved by the 

microarray chips scanning and assign numerical values to the intensity of the signals 

registered in the green (Cy3) and red (Cy5) channels for each probe. For every 

microarray chip, a final ‘.txt’ file was obtained. This file contained all the raw- (direct 

measurements from the scanning process) and processed values (algorithms applied 

to the raw values) corresponding to the different probes. 

 The statistical analysis was performed in “R” version 2.12.2 using a specific 

package for statistical analysis of microarray data developed by Bioconductor, named 

LIMMA (linear models for microarray data analysis) [294-296]. Feature Extraction V8.1” 

files were loaded in “R” workspace and analysed by LIMMA. From the different values 

present in these files, the mean foreground and background signals of the green and 

red channels (“gMeanSignal", "rMeanSignal", "gBGMeanSignal", "rBGMeanSignal) 

were selected for further analysis. The first procedure done in LIMMA was background 

correction, through a method that subtracts the background intensity to the foreground 

intensity (“subtract” method), retrieving the processed signals. Next, the M values for 

each probe were calculated, being M the logarithm to base 2 of the ratio between the 

green and red channel processed signals (log2 Cy3/Cy5). The M values were used in 

the following normalisation process and are considered to be approximately 

proportional to the transcript levels of a given gene [297]. One assumption of 

microarray data analysis algorithms is that the majority of the genes of a given 

transcriptome are not differentially expressed. According with this assumption, the 

different groups of probes were assigned with different weights during the 

normalisation process. “SAV probes” and “SCO probes” were given a weight of 1 and 

the remaining probe groups a weight of 0.000001. Microarray data normalisation 

combined within-array (“median” method) and inter-array (“cyclic loess” method) 

normalisations and the previously defined probe weights. To calculate normalised fold 

expression, Cy5-genomic DNA was indicated as the common reference, the linear 

model was fitted into the data (“lmFit” function) and the empirical Bayes statistics were 

computed (“eBayes” function). Afterwards, it was introduced the information of the 

contrasts to be studied, i.e. the comparisons for which it will be computed normalised 

fold expression. The microarray experiment included the comparison of the S. 

natalensis strains transcriptomes at two time points. Finally, the multi-testing correction, 
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also known as false discovery rate (FDR), was applied and the final results were 

obtained through the function “TopTable”. The output of this function is a matrix in 

which the rows correspond to the probes and the columns correspond to numerical 

values calculated for each probe. The numerical values include: log2FC the logarithm to 

base 2 of the fold change in a contrast (ratio between the normalised M values of a 

certain probe in the compared situations), the A-value that correspond to the overall 

intensity of the probe (green and red channel), the p-value that correspond to the 

statistical significance without FDR, the adj.p-value that indicates the statistical 

significance after FDR correction and the B statistic correspond to the logarithm of the 

odd that there is a significant difference. The entire code entered in “R” is provided in 

Annex I. In the CD provided with the present thesis it can be consulted a spreadsheet 

with entire list of probes with SSD. Each sheet corresponds to a different contrast. An 

additional sheet was included, where it can be explored the microarray results. 

Indicating the SAV code of a certain gene it can be observed its transcriptional 

behaviour (normalised M values) in the different strains across the two time points, as 

well as the correspondent statistical analysis (in the case of being a DEG).  

2.12 In silico analysis 

2.12.1 Software 

Vector NTI Advance™ 9.0 (Invitrogen) 

PDQuest” software, version 8.0.1 (Bio-Rad CA) 

IQ5 TM (Bio-rad) 

CFX Manager (Bio-Rad) 

R version 2.12.2 (The CRAN project) 

2.12.2 Internet resources 

EMBL (European Molecular Biology Laboratory, Germany): www.ebi.ac.uk/. 

Blast: www.ncbi.nlm.nih.gov/BLAST. 

NCBI genome database: www.ncbi.nlm.nih.gov/genome/browse 

Streptomyces genome project: http://streptomyces.org.uk/ 

S. avermitilis genome project: http://avermitilis.ls.kitasato-u.ac.jp/ 

ARNold: http://rna.igmors.u-psud.fr/toolbox/arnold/ 

BPROM: http://linux1.softberry.com/berry.phtml?topic=promoter 

 

http://www.ebi.ac.uk/
http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/genome
http://streptomyces.org.uk/
http://avermitilis.ls.kitasato-u.ac.jp/
http://rna.igmors.u-psud.fr/toolbox/arnold/
http://linux1.softberry.com/berry.phtml?topic=promoter


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

3 Results and discussion.    

Antioxidant enzymatic systems in 

S.natalensis ATCC 27448 
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3.1 Characterisation of the S. natalensis ATCC 27448 

antioxidant enzymatic defences 

The main goal of this work was to assess at the molecular level the role played 

by enzymatic antioxidant defences on the production of secondary metabolites in 

Streptomyces. Within this objective, the pimaricin producer S. natalensis ATCC 27448 

was chosen as the model organism. Pimaricin biosynthesis and regulation in S. 

natalensis ATCC 27448 has been thoroughly characterised [22, 23, 130, 147-149, 165, 

174, 177, 298]. However, the oxidative stress response was poorly addressed in this 

strain. Thus, S. natalensis ATCC 27448 was characterised regarding the enzymatic 

antioxidant systems in both liquid and solid media. 

3.1.1 Characterisation of S. natalensis ATCC 27448 in submerged cultures 

In YEME liquid medium S. natalensis ATCC 27448 presented the typical 

bacterial growth kinetics and pimaricin was first detected during the late exponential 

phase and its production occurs until mid-stationary phase. For experimental purposes 

and in agreement to what was previously described for S. coelicolor [110, 299, 300], 

the S. natalensis ATCC 27448 growth curve was divided into four growth stages: an 

early exponential phase characterised by a rapid growth (RG1); after a brief transition 

phase linked with the ‘‘metabolic switch’’ [111], there is a second rapid growth phase 

(RG2) with a lower growing rate that overlaps with the late exponential phase. 

Afterwards the cultures enter into the stationary phase (S). Within the framework of this 

work, the stationary phase was further divided into an early- to mid-stationary phase 

when pimaricin biosynthesis occurs (S/P), and a late stationary phase, when pimaricin 

is no longer being synthesised by S. natalensis ATCC 27448 (S/NP) (Fig.3.1A). 

3.1.1.1 S. natalensis ATCC 27448 catalase activity profile  

 Regarding ROS homeostasis, catalases are key enzymes that have the ability 

to scavenge H2O2. The catalase activity profile of S. natalensis ATCC 27448 was 

monitored along the growth curve in YEME liquid medium (Fig.3.1A). Total catalase 

activity gradually decreased during the exponential phase and at early stationary phase 

presented low levels (<2 U/mg). These low levels of catalase activity were maintained 

until mid-stationary phase and then a continuous increase was observed until the late 

stationary phase. Like S. coelicolor M145 [250, 301] and S. avermitilis MA-4680 

(Fig.3.2), S. natalensis ATCC 27448 catalase activity profile presented a growth phase-

dependent behaviour. However, whereas S. coelicolor M145 and S. avermitilis MA-
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4680 presented a constant increase in catalase activity from the early exponential to 

the late stationary phase, S. natalensis ATCC 27448 profile showed lower levels of 

catalase activity during RG2 and S/P phases, i.e. the pimaricin production phases. 

Furthermore, when compared to other Streptomyces, in particular S. coelicolor M145 

and S. avermitilis MA-4680, the overall catalase activity in S. natalensis ATTC 27448 

was considerably  lower  (Fig.3.2). Cell free  protein  extracts  were  also  analysed  by  

 

Fig.3.1 - Growth curve, pimaricin production and catalase growth phase-dependent profile in S. natalensis 

ATCC 27448. (A) Growth, catalase activity and pimaricin production profiles of S. natalensis ATCC 27448 in YEME 

medium. Growth phases are indicated by solid lines at the top of the graph. Vertical bars indicate standard deviation of 

the mean values. Data are the average of triplicates from three independent experiments. (B) Native PAGE of cell-free 

protein extracts (30 g protein per lane) from S. natalensis ATCC 27448 stained for catalase activity. S. natalensis 

ATCC 27448 was grown in YEME medium and samples were collected during the defined four growth phases: RG1, 

RG2, S/P and S/NP. Arrows show the two detectable catalase activity bands. (C) Native PAGE stained for catalase 

activity of cell extracts from S. natalensis ATCC 27448 cultures collected during RG1 phase before (-) and after 1 mM 

H2O2 insult (+). 
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catalase activity staining after native PAGE (Fig.3.1B). Two activity bands were 

detectable suggesting the expression of at least two catalase enzymes in S. natalensis 

ATCC 27448 under the conditions tested. The band that migrated more rapidly in the 

native PAGE presented an increase in intensity during exponential phase up to RG2 

phase and disappeared as the culture entered into the stationary phase. During 

stationary phase, a new activity band was detected contributing to the increase in total 

catalase activity quantified spectrophotometrically. The addition of H2O2 1 mM to the 

culture broth at RG1 phase, resulted in an increase of intensity of the latter catalase 

activity band, hinting that this band corresponds to the H2O2-inducible monofunctional 

haem-containing catalase KatA1  (Fig.3.1C).   

 

Fig.3.2 - Catalase activity profile of S. natalensis ATCC 27448, S. coelicolor M145 and S. avermitilis MA-4680 in 

YEME medium. Samples were collected at the four defined growth phases: RG1, RG2, S/P and S/NP. Results 

(average of triplicates and standard deviation) are representative of three independent experiments. 

 

Samples of S. natalensis ATCC 27448 harvested at the different growth stages 

were also analysed by native PAGE gel with staining for peroxidase activity. The 

obtained results showed that, under the tested conditions, none peroxidase activity 

bands were detected in the cell-free protein extracts (Fig.3.3A). In contrast, S. 

coelicolor M145 stationary phase protein extracts (used as positive control) presented 

two bands with peroxidase activity that, according to previous studies, correspond to 

different isoforms of the same catalase-peroxidase [251].  To further investigate the 

absence or presence of a cytosolic or extracellular bifunctional catalase-peroxidase, an 
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immunoblot analysis (using a primary antibody raised against a catalase-peroxidase 

purified from S. reticuli [277])  was performed in cytoplasmatic and extracellular protein 

extracts of S. natalensis ATCC 27448 cultures harvested at the different growth stages 

(Fig.3.3B). The immunoblot showed no positive signal in the S. natalensis ATCC 27448 

protein extracts matching the positive control (S. coelicolor cytoplasmic protein extract), 

which suggested the absence of a cytoplasmatic bifunctional catalase-peroxidase. 

 

Fig.3.3 - Screening for a functional catalase-peroxidase in S. natalensis ATCC 27448. (A) Native PAGE of cell-free 

protein extracts (30 g protein per lane) from S. natalensis ATCC 27448 stained for peroxidase activity. Samples were 

collected from YEME cultures during the defined four growth phases: RG1, RG2, S/P and S/NP. Arrows show the two 

detectable catalase activity bands corresponding to the catalase-peroxidase expressed by S. coelicolor M145 at 

exponential pase  (C+). (B) Immunoblot of cytoplasmic and extracellular protein extracts (10 g protein per lane) of S. 

natalensis ATCC 27448 samples harvested during the defined four growth stages RG1, RG2, S/P and S/NP and using 

an antibody raised against the catalase-peroxidase CpeB from S. reticuli (see material and methods). The arrow 

indicates the band corresponding to the S. coelicolor catalase-peroxidase of 80 kDa (C+). 

3.1.1.2 Concerted regulation of katA1 and ahpC in response to H2O2 

To study the response of S. natalensis ATCC 27448 to exogenous H2O2, total 

specific catalase activity was measured in cultures challenged with H2O2. Studies of 

catalase activity inducibility were carried out adding H2O2 to the culture broth at RG1, 

RG2, S/P and S/NP phases at a final concentration of 1 mM. Specific catalase activity 

was measured in protein extracts collected 1 h after H2O2 insult (Fig.3.4A). Addition of 

H2O2 prompted an increase in total catalase activity except at RG2 phase where no 

induction of catalase activity was observed.  

To further analyse the changes triggered by H2O2 at the proteome level, two 

dimensional (2D) gel electrophoresis was carried out to compare the proteome of 

H2O2-treated and non-treated cultures (Fig.3,4B). Protein expression differences of the 

2D gels were analysed using appropriate software tools (PDQuest, Biorad). The 
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analysis revealed 43, 81, 121 and 39 differences in the RG1, RG2, RG1, RG2, S/P and  

S/NP  phases,  respectively.  

 

Fig.3.4 - S. natalensis ATCC 27448 response to H2O2 induced stress. (A) Induction of catalase activity by addition of 

H2O2 at different growth stages in control (-) and iron supplemented cultures (+). Protein extracts were prepared from S. 

natalensis ATCC 27448 cultures collected 1 hour after 1 mM H2O2 (+) (final concentration) treatment or an equal volume 

of water as the untreated control (-). Induction of catalase activity by H2O2 treatment was assessed at the four defined 

growth stages: RG1, RG2, S/P and S/NP. Results (average of triplicates and standard deviation) are representative of 

three independent experiments. The differences between treated and untreated samples at each time point were 

assessed by independent t-test. *, (P<0.01). (B) Induction of AhpC expression by H2O2 induced stress. Protein extracts 

were analysed by comparative 2D gel electrophoresis to assess the expression profile of the S. natalensis proteome 

under induced stress conditions. The protein profile of the identified AhpC spot (indicated by an arrow) is enlarged. Fold 

variations of the AhpC spot between H2O2-treated and untreated samples are indicated in the H2O2-treated panels. Fold 

variations reflect the 2D-gel analysis of three independent experiments. 
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 Among those changes, it was identified by mass spectrometry (MS), in H2O2-

treated cultures, an 17.7- (during RG1 phase) and an 3.7-fold (at RG2 phase) induction 

of the alkyl hydroperoxide reductase (AhpC) protein levels, a component of the 

alkylhydroperoxide reductase system that present peroxidase activity against H2O2, 

organic peroxides and peroxynitrite [232-234]. These results suggested that the H2O2 

added at RG2 phase was detoxified through the action of the alkylhydroperoxide 

reductase system.  

 In S. coelicolor, the induction of the catalase KatA1 expression by H2O2 is 

regulated in an iron-dependent manner by the fur-like protein CatR [9]. To assess the 

sensitivity of catalase induction to H2O2 in the presence of an excess of iron, total 

catalase activity was measured in iron-supplemented (20 M FeSO4) cultures with and 

without the addition of H2O2. Under these conditions, during RG1 and S/P phases the 

same behaviour was observed regarding catalase response to H2O2. However, 

induction of catalase activity was also observed at RG2 phase (Fig.3.4A), whereas the 

protein levels of AhpC did not change significantly (Fig.3.4B). These results suggested 

an iron dependent crosstalk between the regulation of these two main H2O2 scavenging 

enzymes.  

 RT-qPCR analysis was performed to confirm this iron-dependent concerted 

regulation between the catalase and the alkyl hydroperoxidase reductase system 

(Fig.3.5). The results showed that the H2O2-induced increase in total catalase activity 

during the exponential phase was due to the overexpression of katA1. The transcripts 

of the H2O2-sensing regulator catR were also increased, suggesting the presence of a 

similar mechanism to that of S. coelicolor [7]. The ahpC and oxyR (the H2O2-sensing 

transcriptional regulator of the AhpCD system) transcriptional profiles in iron-

supplemented cultures are reflected in the AhpC protein expression profile (Fig.3.4B) 

i.e., in the presence of iron, during RG2 phase, H2O2 was detoxified mainly by the 

action of the catalase (KatA1). 
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Fig.3.5 - Transcriptional analysis of ahpC, oxyR, katA1 and catR in S. natalensis ATCC 27448. Transcription 

profiles of the monofuncional catalase (katA1) and alkylhydroperoxide reductase (ahpC) encoding genes and their 

transcriptional regulators, catR and oxyR, in S. natalensis ATCC 27448 upon a H2O2 insult. The transcription of ahpC, 

oxyR, katA1 and catR was evaluated by RT-qPCR from S. natalensis ATCC 27448 grown in YEME medium and 

samples collected 30 min after 1 mM H2O2 treatment (+) or an equal volume of water as the untreated control (-). H2O2 

treatments were applied independently during the early exponential phase (RG1) and late exponential phase (RG2). 

The Mean Normalised Fold Expression (± standard errors) of the target genes was calculated relative to the 

transcription of the reference genes (16S rRNA and lysA) and the reaction internal normalisation was performed using 

the sample from cells collected immediately before H2O2 addition to the culture broth (not shown). Results (average of 

triplicates and standard deviation) are representative of three independent experiments. 

3.1.1.3 The adaptive response triggered by H2O2 modulates pimaricin biosynthesis 

The adaptive response prompted by the addition of H2O2 in iron-supplemented 

cultures reflected in an increase in the total catalase activity, particularly during 

exponential phase. In E. coli, catalase is described as a more efficient enzyme at high 

levels of H2O2, whilst AhpC being a more efficient scavenger of trace H2O2 generated 

endogenously [181].  

To assess the effect of the increase of catalase activity in the redox status, the 

H2O2 intracellular concentration was measured after 1 h of the addition of H2O2 to the 

culture broth. The induction of total catalase activity in iron-supplemented cultures 

reflected in a 25.6 % decrease of H2O2 intracellular levels 1 h after the treatment at 

RG2 phase (Fig.3.6A). These results suggested that the induction of total catalase 

activity by the addition of H2O2 in iron-supplemented cultures was not only an effective 
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in detoxifying the exogenous H2O2, but it also resulted in a decrease of the H2O2 

intracellular levels.  

To determine whether the pimaricin production in S. natalensis ATCC 27448 is 

affected by the temporary redox imbalance created by the adaptive response to H2O2, 

pimaricin yields at 72 h were measured in the culture broths of H2O2-induced iron 

supplemented cultures (Fig.3.6B). When the H2O2 stimulus was introduced during RG1 

phase no significant alteration in pimaricin yield was observed. However, when H2O2 

stimulus was introduced during late exponential phase (RG2) the pimaricin yield was 

reduced to 62.5% of the production in the control culture (without the H2O2 stimulus). 

Although less pronounced and not statistically significant, a slight decrease in pimaricin 

production (ca. 10%) was also observed in cultures with H2O2-stress induced at S/P 

phase.  

 

 

Fig.3.6 - Effect of exogenous H2O2 in S. natalensis ATCC 27448. (A) The DHR oxidation levels were used as a 

measure of the H2O2 intracellular levels. H2O2 was added at a final concentration of 1 mM to S. natalensis ATCC 27448 

cultures in iron-supplemented (20 M) YEME medium at RG2 phase. Samples of mycelium were harvested before (T0) 

and 1 hour after (T1) the addition of H2O2 1 mM. Results (average of triplicates and standard deviation) are 

representative of three independent experiments. The difference between T0 and T1 was assessed by t-test. *, (P<0.01). 

(B) S. natalensis ATCC 27448 pimaricin specific production in iron-supplemented (FeSO4 20 M) YEME medium 

measured at 72 h. H2O2 1 mM (final concentration) was added to the culture broth either at the RG1, RG2 or S/P phase. 

Data are the means from three independent experiments. To assess the presence of significant differences between the 

tested growth phases, a one-way ANOVA was performed followed by post-hoc test (Tukey test; GraphPad Prism) in 

which each condition was compared to the control situation (pimaricin production without H2O2 addition; 100%). *, 

(P<0.01);  

3.1.1.4 Effect of osmotic stress and heat-shock over catalase expression in S. 

natalensis ATCC 27448. 

In S. coelicolor, it was reported that catalase activity can be induced in 

response to stimuli other than oxidative stress [249]. To assess if S. natalensis ATCC 
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27448 catalase activity can be modulated by other physiological stresses, cells were 

challenged with osmotic stress by the addition of NaCl 0.4 % (w/v) to the culture broth 

(non-supplemented YEME) and with heat-shock by a treatment of 1 h at 41 ºC at either 

RG1, RG2 or S/P. Cell-free protein extracts were analysed by native-PAGE with 

catalase activity staining (Fig.3.7). 

The induction of osmotic stress in S. coelicolor was shown to result in an 

increase in the expression of the monofunctional catalase CatB through the activation 

of the sigma factor SigB [249]. In S. natalensis ATCC 27448, osmotic stress did not 

lead to major alterations in the native-PAGE catalase activity profile (Fig.3.7A).  

 

 

 

 

Fig.3.7 - Native-PAGE catalase activity profile of S. natalensis ATCC grown in non-supplemented YEME liquid 

medium and subjected to osmotic stress and heat-shock. A) Osmotic stress was induced by the addition of NaCl 

0.4 % (w/ v) at RG1, RG2 and S/P growth phases. Mycelium samples were harvested before (T0) and 1 hour after (T1+) 

the addition of NaCl 0.4 % (w/ v). A sample taken at the same time in a non-treated culture was used as a control (T1-). 

B) Heat-shock was induced at RG1, RG2 and S/P by growing cells at 41 ºC for 1 hour. Mycelium samples were 

collected before (T0) and 1 hour after (T1+) the heat-shock. A sample taken at the same time in a non-treated culture was 

used as a control (T1-). 50 g of protein extract were loaded in each lane.  



86 FCUP 
3 Results and discussion. Antioxidant enzymatic systems in S. natalensis ATCC 27448 

 

 

The heat-shock treatment applied to S. natalensis ATCC 27448 liquid cultures 

did not lead to any detectable alterations in catalase activity profile at RG1 and S/P 

phases (Fig.3.7B); in contrast, at RG2 phase both catalase activity bands presented 

residual intensity after 1 h of heat-shock treatment. This outcome suggested that 

catalase activity is repressed upon a heat-shock treatment at late exponential phase. 

Heat-shock is usually associated with a rise in ROS intracellular concentration [302], 

hence it would be expectable an increase in catalase activity. The effect observed in S. 

natalensis ATCC 27448 needs further data to be fully clarified 

3.1.1.5 Superoxide dismutase: a nickel-responsive antioxidant defence 

In order to characterise the O2
.--related antioxidant defences of S. natalensis 

ATCC 27448, the SOD activity profile at RG1, RG2, S/P and S/NP growth phases in 

YEME medium was determined both spectrophotometrically and by native PAGE with 

SOD activity staining. The S. natalensis ATCC 27448 SOD activity levels varied 

between 20 U/mg and 15 U/mg until mid-stationary phase (S/P).  At S/NP phase a 

slight increase of less than 2-fold was registered (Fig.3.8A). The SOD activity native-

PAGE profile of S. natalensis ATCC 27448 presented one SOD activity band with 

similar intensity across the different growth phases (Fig.3.8B).  

The expression of the SOD encoding genes in S. coelicolor, namely sodF, 

sodF2 and sodN, is nickel-responsive, i.e. the presence of nickel in the media lead to 

the preferential expression of sodN over sodF and sodF2 [205, 213, 303]. In order to 

assess if S. natalensis ATCC 27448 displays a similar regulatory mechanism, a 

comparison of native PAGE SOD activity profiles between cells grown in YEME [nickel-

free media [205]] and cells grown in YEME supplemented with NiSO4 20 M was 

performed (Fig.3.8B). S. coelicolor M145 grown in the same conditions was used as a 

control. The two S. coelicolor M145 closely migrating bands detected in nickel-free 

medium correspond to SodF and SodF2, while the less-migrating band corresponds to 

SodN [205, 303]. S. natalensis ATCC 27448 revealed a similar behaviour, i.e. cells 

grown in nickel-free media presented a band that co-migrated with S. coelicolor M145 

SodF and SodF2 and cells growing in nickel-supplemented media presented a less-

migrating band with SOD activity. This data suggested that S. natalensis ATCC 27448 

expresses at least two SODs (SodF and SodN) whose expression is nickel-responsive. 

Interestingly, the intensity of the SOD activity band that putatively corresponds to the 

NiSOD was consistently lower than the intensity verified for the putative FeSOD. To 

confirm that this was not an artefact inherent to the non-quantitative nature of native-
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PAGE, SOD activity was measured spectrophotometrically (Fig.3.8A). The obtained 

values showed that SOD activity was lower in the nickel-supplemented samples than in 

the nickel-free samples throughout growth, which is concordant with the native PAGE 

SOD activity profile. Moreover, the nickel-supplemented medium samples presented 

the same tendency of the nickel-free medium samples.  

 

 

 

Fig.3.8 - SOD activity profile of S. natalensis ATCC 27448. (A) Total SOD activity was measured 

spectrophotometrically in samples collected from S. natalensis ATCC 27448 growing in YEME and YEME 

supplemented with nickel (NiSO4 20 M) at the different growth phases  RG1, RG2, S/P and S/NP. Results (average of 

triplicates and standard deviation) are representative of three independent experiments. The differences between 

treated and untreated samples at each time point were assessed by independent t-test. *, (P<0.01). (B) Native PAGE 

with SOD activity staining (75 g of protein extract per lane) of samples collected from S. natalensis ATCC 27448 at 

RG1, RG2, S/P and S/NP and from S. coelicolor M145 at stationary phase, both growing in YEME (-) and nickel-

supplemented YEME (+). The arrows indicate the SOD identified in S. coelicolor protein extracts, namely SodF, SodF2 

and SodN. 
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 3.1.2 Characterisation of S. natalensis ATCC 27448 in solid media 

 In solid media, streptomycetes undergo a complex and highly regulated 

morphological differentiation process that originates different “tissues”: vegetative 

mycelium, aerial mycelium and sporulated aerial mycelium. The characterisation of the 

catalase activity profile of S. natalensis ATCC 27448 liquid cultures has shown a 

growth phase-dependent behaviour (Chapter 3.1.1.1). In order to assess if the 

expression of catalases occurs in a “tissue”-dependent manner, total catalase activity 

was evaluated in S. natalensis ATCC 27448 cultures growing in the sporulating solid 

medium TBO (Fig.3.9). 

 

. 

Fig.3.9 - Catalase activity profile of S. natalensis ATCC 27448 grown in solid media. (A) Catalase specific activity. 

Results (average of triplicates and standard deviation) are representative of three independent experiments. (B) Native 

PAGE with catalase activity staining (50 g of protein extract per lane). Samples were collected at the following stages:  

vegetative mycelium (days 2 and 3), aerial mycelium (days 4 and 5) and sporulated aerial mycelium (days 7 and 8). 

Arrows indicate the different bands displaying catalase activity. 

 

 The results showed that during the development of aerial mycelium, catalase 

activity was 2-fold lower than vegetative and sporulated aerial mycelia. This behaviour 

was reflected in the intensities of KatA1 and the closely migrating band detected in the 



FCUP 
3 Results and discussion. Antioxidant enzymatic systems in S. natalensis ATCC 27448 

89 

 

native-PAGE analysis. Furthermore, third (faint) band was detected that migrated more 

rapidly than the latter bands. This new catalase activity band was obvious in samples 

from day five and day seven, suggesting that S. natalensis ATCC 27448 expresses a 

protein with catalase activity associated with aerial mycelium.   

  

3.2 Distribution of antioxidant enzymes encoding genes in 

Streptomyces  

In this chapter, it was assessed the presence and distribution of antioxidant 

enzymes (catalases, alkylhydroperoxide reductase system and SODs) encoding genes 

across the Streptomyces genus. By July 2012, the genomes of eleven Streptomyces 

strains were completely sequenced and their sequence deposited at NCBI with a 

“complete” status (www.ncbi.nlm.nih.gov/genome/browse). The antioxidant enzymes 

encoding genes distribution was addressed within this set of streptomycetes genomes.  

3.2.1 Catalases 

 Catalases are efficient H2O2 scavengers widely distributed across all life 

domains [246]. Functionally, catalases can be divided in: monofunctional haem-

containing catalases, non-haem or manganese catalases and bifunctional catalases 

[246]. The first group can be further divided in three clades [246]. The in silico analysis 

of Streptomyces genomes showed the presence of genes encoding monofunctional 

haem-containing catalases from the three clades and bifunctional catalase-peroxidases 

(Fig.3.10). None manganese catalase was identified in streptomycetes. Genes coding 

for monofunctional catalases from clade 3 were present in the majority of the genomes 

(9 out of 11 genomes). Within this group, the orthologues of S. coelicolor A3(2) katA 

were the most frequent and were predominantly located upstream and divergently 

transcribed from the Fur-like repressor encoding gene catR, that, in S. coelicolor, 

regulates the transcription of katA in a H2O2-dependent manner [9]. Other Clade 3 

monofunctional catalases encoding genes were found in Streptomyces genomes, 

namely the orthologues of S. coelicolor A3(2) katA2 and katA3 and the orthologues 

SFLA_1350 (S. flavogriseus ATCC 33331) and SHJG_0439 (S. hygroscopicus 

jinggangensis 5008). Regarding the latter two genes, a BLASTp analysis of their amino 

acid sequence retrieved several homologues in Actinobacteria genera, like 

Nocardiopsis  or   Saccharomonospora,  showing   a   widespread   distribution  among 

Actinobacteria.  

http://www.ncbi.nlm.nih.gov/genome
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 Orthologues of the Clade 2 monofunctional catalase katB of S. coelicolor A3(2) 

were present in eight of the analysed Streptomyces genomes. KatB was characterised 

in S. coeliolor as a stationary phase associated functional catalase, whose gene 

transcription was under the control of a sigma factor (SigB), involved in the response to 

osmotic stress [249]. Among the Streptomyces genomes, clade 1 monofunctional 

catalases encoding genes were less represented, being only present in S. 

hygroscopicus jinggangensis 5008 and Streptomyces sp SirexAA-E. A BLASTp 

analysis of these clade 1 catalases amino acid sequences showed the presence of 

homologous proteins in different actinobacteria genera, such as Thermomonospora or 

Streptosporangium. 

Regarding the bifunctional catalase-peroxidase, the analysed Streptomyces 

genomes presented a gene homologous to S. coelicolor A3(2) cpeB. Immediately 

upstream of the cpeB orthologues it was located a Fur-like encoding gene that, in most 

of the cases, was orientated in the same direction. This co-localisation suggests that 

CpeB can be related with the response to alterations in iron homeostasis [251]. In fact, 

S. coelicolor cpeB transcription is negatively regulated by FurS (SCO_0561) and the 

addition of Fe2+ to the media enhanced that negative effect over  cpeB [251]. In S. 

hygroscopicus subsp. jinggangensis 5008 and S. venezuelae ATCC 10712 an 

additional bifunctional catalase peroxidase encoding gene was identified. 

3.2.2 Alkylhydroperoxide reductase system 

The alkylhydroperoxide reductase system is an antioxidant defence mechanism 

responsible for the detoxification of peroxides, including H2O2, and nitric oxide (NO) 

that was first described in Salmonella typhimurium [216, 230, 234, 304, 305]. The in 

silico Streptomyces genomes analysis revealed the presence of genes encoding an 

alkylhydroperoxide reductase system – ahpC and ahpD - in the majority of the 

analysed strains (10 out of 11 genomes) (Fig.3.11). It is noteworthy that these genes 

are co-localized in the chromosome and, at least in S. coelicolor, form a multicistronic 

mRNA [223]. Immediately upstream and divergently transcribed it is located oxyR. In S. 

coelicolor, OxyR positively regulates the transcription of its own gene, as well as the 

transcription of ahpCD [223]. This gene organisation seems to be conserved among 

streptomycetes, with the exception of S. scabies 87.22. Curiously, this strain is the only 

pathogenic among the analysed streptomycetes. OxyR has been implicated as an 

important factor in the infection process perpetrated by other infectious bacterial 

strains, like Pseudomonas aeruginosa [306]. However, it seems not to be the case in 

S. scabies 87.22. 



92 FCUP 
3 Results and discussion. Antioxidant enzymatic systems in S. natalensis ATCC 27448 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.3.11 - Distribution of genes encoding the AhpCD system and the LysR-family transcriptional regulator OxyR 

across the analysed Streptomyces spp. Each coloured box corresponds to a chromosomal locus. In the case of co-

localized genes, boxes are linked by a line and pointed arrows indicate transcription direction. 

3.2.3 Superoxide dismutase  

Superoxide dismutases (SOD) are ubiquitous metalloproteins that catalyzes the 

dismutation of O2
.- into H2O2 and molecular oxygen [307, 308]. Concerning the 

distribution of SOD encoding genes, all genomes presented at least one FeSOD (sodF) 

and one NiSOD (sodN) encoding genes, which seems to be a conserved characteristic 

among Streptomyces (Fig.3.12). In addition to these genes, two strains presented an 

additional FeSOD encoding gene (sodF2), namely S. coelicolor A3(2) and S. 

venezuelae ATCC 10712. Furthermore, the genomes of S. bingchenggensis BCW-1 

and S. violaceusigner TU 4113 revealed the presence of genes coding for Cu/ZnSOD. 

Although Cu/ZnSOD class members were present in just two Streptomyces genomes, 

a Blastp analysis with their amino acid sequences retrieved orthologues in several 

Actinobacteria genera, such as Corynebacterium,  Frankia and Mycobacterium, 

showing that, even though scarce among streptomycetes, it is common among 

Actinobacteria. Another interesting feature is the localisation of a FeSOD encoding 

gene in S. cattleya NRRL 8057 plasmid SCAT_p0640, since genes related with primary 

metabolism or defence mechanisms are normally located in the central region of the 

chromosome - the core genome [10, 20, 309].  
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Fig.3.12 - Distribution of genes encoding SOD across the analysed Streptomyces genomes. Each box 

corresponds to a chromosomal locus. 

3.3 Identification and sequencing of ROS-related antioxidant 

enzymes encoding genes 

The results obtained in the S. natalensis ATCC 27448 physiological 

characterisation (Chapter 3.1) showed that it expresses the H2O2-inducible catalase 

KatA1, an AhpCD system and two SODs, namely SodF and SodN. To identify 

antioxidant enzymes encoding genes, a S. natalensis ATCC 27448 cosmid library was 

screened [22] with probes targeting internal regions of the genes: katA1, ahpC and 

sodF. Probes were obtained through a PCR-based strategy using degenerate primers 

designed for internal conserved regions of the abovementioned genes. The nucleotide 

sequences of the orthologue genes in the well characterised strains S. avermitilis MA-

4680, S. coelicolor A3(2) and S. griseus IFO 13350 were aligned with Clustel W and 

primers (degenerated when needed) were designed (Table 2.3).  The amplicons 

obtained with S. natalensis ATCC 27448 genomic as DNA template were cloned into 

pGEM®-T Easy and confirmed by sequencing.  
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3.3.1 Iron superoxide dismutase  

 A 1.8 kb Apa I fragment from cosmid SF6 was found to hybridise with probe SF 

internal to sodF (Fig.3.13A). The fragment was cloned into ApaI-digested pGEM®-T 

Easy vector and sequenced (GenBank accession number: JN005773). The fragment 

was 1775 bp and in silico analysis of the fragment showed the presence of one 

complete ORF, sodF (642 bp) (Fig.3.13B). In addition, two incomplete ORFs located 

upstream and downstream of sodF were also identified (Figure 3.13B). The incomplete 

ORF1 (418 bp) was orientated in the same direction as sodF and presented high 

sequence similarity (83 %) with a S. violaceusniger Tu 4113 amino acid permease 

encoding gene (STRVI_7926). Incomplete ORF2 (433 bp) is located downstream and 

divergently transcribed from sodF and presented high sequence similarity (84 %) with 

hypothetical protein (SACTE_2062a) encoding gene from Streptomyces sp. SirexAA-E.  

 

 

Fig.3.13 – ApaI fragment from cosmid SF6 (A) Southern blotting hybridisation of cosmid SF6 digested with ApaI (lane 

1) using SF fragment as probe.  HindIII was used as ladder (L). The arrow indicates the 1.8 kb ApaI fragment that 

hybridised with SF probe (B) Gene organisation in the ApaI fragment from cosmid SF6. The black bar below sodF 

represents the internal fragment SF used as probe in the Southern blot hybridisation. *, incomplete ORF; A , ApaI; N, 

NotI. GenBank accession number: JN005773. 

 

The sodF gene presented a high G+C content (66.5 %), which is in accordance 

with what is described for streptomycetes  [310]. Regarding codon usage, sodF 

showed a G+C content of 74.5 % in the first position, 40.2 % in the second position and 

94.4 % in the third position, which is also in accordance with the values registered for 

Streptomyces  [13, 311]. 
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The in silico analysis of sodF promoter region (Fig.3.14) identified two putative 

ribosome binding sites (RBS) (GGAGG; GGGA). Moreover, it was also found a 

sequence that corresponds to the ni-responsive regulatory motif (TTGCAN7TGCAA) 

[312], suggested to be involved in the metal dependent transcription repression of sodF 

[215]. 

  

Fig.3.14 – Promoter region of sodF. The analysis of the sodF promoter region revealed putative ribosome binding 

sites (grey) and the putative nickel-responsive regulatory motif (yellow). The start codon of sodF is highlighted in blue. 

Numbers indicate the nucleotide position in the sequence with the GenBank accession number JN005773.  

 

 Analysis of the deduced amino acid sequence of SodF revealed the presence of 

the four conserved residues involved in binding to the metal cofactor (H28, H76, D165 and 

H169) [313], two of them included in the SOD conserved motif [D165-A-W-E-H-AF- Y172] 

(Fig.3.15) [314].   

 

 

Fig. 3.15 - S. natalensis ATCC 

27448 SodF amino acid 

sequence features.  SodF amino 

acid sequence presents three 

conserved histidine residues and 

one conserved aspartic acid 

residue H
28

, H
76

, D
165

 and H
169

 

involved in the coordination of 

ferrous ion (highlighted in black) 

and a SOD conserved motif 

D
165

AWEHAFY
172 

(black box). 

SNA, S. natalensis ATCC 27448; 

SU9, S. auratus AGR0001; SCO, 

S. coelicolor A3(2); ECK, E. coli 

K-12. 

 

        nickel-responsive motif                    RBS  RBS                                                                                                                                    

511 : TTCTTGCACATTATTTGCAACTACTGCATTCACGCAGCTTGGAGGCGGGA 

      AAGAACGTGTAATAAACGTTGATGACGTAAGTGCGTCGAACCTCCGCCCT 

 

        

561 : TCGGCATGGCGACCTACACACTTCCGGAACTCCCCTACGACTACGCGGCG 

      AGCCGTACCGCTGGATGTGTGAAGGCCTTGAGGGGATGCTGATGCGCCGC 

                                                                                                                                                                  

  

        

                                                                                                                                                                           

  

 

SNA SodF     19 : VISPEIIELHHDKHHAAYVK 

SU9_20449    19 : VISPEIIELHHDKHHAAYVK 

SCO2633      19 : VISPEIIELHHDKHHAAYVK 

ECK1652      18 : HISAETIEYHYGKHHQTYVT 
 

SNA SodF     67 : AFHLSGHILHSIYWHNMSGD 

SU9_20449    67 : AFHLSGHILHSIYWHNMTGD 

SCO2633      67 : AFHLSGHILHSIYWHNMTGD 

ECK1652      66 : FNNAAQVWNHTFYWNCLAPN                                 

                                                                                                                                                                                                                                                                                                                                            

                    SOD conserved motif 

SNA SodF    159 : VPILVFDAWEHAFYLQYKNQ 

SU9_20449   159 : VPILVFDAWEHAFYLQYKNQ 

SCO2633     159 : TPILVFDAWEHAFYLQYKNQ 

ECK1652     151 : TPLLTVDVWEHAYYIDYRNA 
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3.3.2 Alkylhydroperoxide reductase system 

 The digestion of cosmid X10 with NcoI allowed the identification of a 1.7 kb 

fragment that hybridised with the AHP probe (Fig.3.16A). This fragment was cloned in 

pGEM®-T Easy vector digested with NcoI and sequenced. The sequencing process 

continued in both upstream and downstream directions, obtaining a final 3.75 kb 

sequence, corresponding to a BamHI fragment (GenBank accession number: 

JN005774). The nucleotide sequence analysis of this BamHI fragment revealed three 

complete ORFs: ORF1 (627 bp), oxyR (960 bp), ahpC (555 bp) and ahpD (534 bp) 

(Fig.3.16B). ORF1 gene product revealed a 60 % sequence identity with an integral 

membrane protein of Streptomyces bingchenggensis BCW-1. 

 

Fig.3.16 - BamHI fragment from cosmid X10.  (A) Southern blotting hybridisation of cosmid X10 digested with NcoI 

(lane 1) using AHP fragment as probe.  HindIII was used as ladder (L). The arrow indicates the 1.7 kb Nco I fragment 

that hybridised with AHP probe. (B) Gene organisation in the BamHI fragment. The black bar below ahpC represents 

the internal fragment AHP used as probe in the Southern blot hybridisation. B, BamHI; N, NcoI. GenBank accession 

number: JN005774. 

  

The elevated G+C contents of oxyR (74.1 %), ahpC (65 %) and ahpD (68 %) 

were in concordance with the values generally described for Streptomyces [310]. All 

three genes presented the characteristic Streptomyces codon bias. oxyR presented a 

G+C percentage in the first position of 80.6 %, 49.5 % in the second position and 92.2 

% in the third position. The alkylhydroperoxide reductase gene ahpC showed a G +C 

percentage in the first position of 63.4 %, 36.8 % in the second position and 94.6 %in 
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the third position. Finally, ahpD showed a G+C percentage of 67.42 % in the first 

position, 41 % in the second position and 95.5 % in the third position.  

Analysis of the intergenic region of oxyR and ahpCD showed the presence of 

RBS sequences, as well as putative -10 and -35 elements (Fig.3.17A). Moreover, it 

was possible to delimitate a putative rho-independent transcription terminator 

downstream of the ahpD stop codon with a G = -35.7kCal/mol (Fig.3.17B). 

 

 

Fig.3.17 – oxyR and ahpCD intergenic and downstream regions. (A) Putative -35 and -10 elements (green boxes) 

were identified using the software “BPROM”. Putative ribosome binding sites (RBS) were identified (grey boxes). The 

start codons of oxyR and ahpC are highlighted in blue. (B) The region located downstream of the ahpD stop codon (red 

box) revealed the presence of a rho-independent transcription terminator sequence (orange boxes), using the software 

“ARNold”. Numbers indicate the nucleotide position in the sequence with the GenBank accession number JN005774. 

 

S. natalensis ATCC 27448 oxyR deduced protein is 319 aa-long and presents a 

predicted molecular weight of 34 kDa and a pI of 5.19. The alignment of S. natalensis 

ATCC 27448 OxyR with other Streptomyces OxyR proteins allowed the identification of 

A 
 

1828 : GGGCCGGCCGCCCGGGCTTACCGGTGAGACCACTGATAACCACCTCCGAT 

       CCCGGCCGGCGGGCCCGAATGGCCACTCTGGTGACTATTGGTGGAGGGTA 

                                                  RBS                                                   

                                     oxyR 

 

1878 : TCAATGCGTCGTGTGGCACTCAACATTCACCAGTCTAGCTATTTCACTGA 

       AGTTACGCAGCACACCGTGAGTTGTAAGTGGTCAGATCGATAAAGTGACT 

                  -35 element                                          -10 element 

                                                    

1928 : GTTTGACCCGTCCAAGCCCCACAAGAAAGCCGCGGGTCACCTCAAAAAGG 

       CAAACTGGGCAGGTTCGGGGTGTTCTTTCGGCGCCCAGTGGAGTTTTTCC 

 

                                           ahpCD 

                                  RBS                                                

1978 : GCCCCCGCAGGTTTTTCTTTCGCTGCAAGGAGAGCGCGTGCTCACTGTCG 

       CGGGGGCGTCCAAAAAGAAAGCGACGTTCCTCTCGCGCACGAGTGACAGC 

 

 

B 
                                

3122 : CGCCGAGGACGCGCTGGCGGAGTAACTCCCGTCGGCAGCGCGCCGGATCA 

       GCGGCTCCTGCGCGACCGCCTCATTGAGGGCAGCCGTCGCGCGGCCTAGT 

                                     

           transcription terminator sequence 

3172 : TTGCGCAAAGACCCCGCAGAATGCTGATTCTGCGGGGTCTTTGCGTGTTC 

       AACGCGTTTCTGGGGCGTCTTACGACTAAGACGCCCCAGAAACGCACAAG 
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two conserved cysteine residues (C212 and C221) that are described to be H2O2 sensitive 

and therefore involved in the alteration of protein conformation that increases DNA-

binding afinity (Fig.3.18A) [223].  

 The ahpC deduced gene product is 184 aa-long and showed a theoretical 

molecular weight of 21 kDa and a l pI of 4.51. The three conserved catalytic cysteine 

residues described to be involved in the peroxidatic activity of M. tuberculosis AhpC 

[238] were identified in S. natalensis ATCC 27448 AhpC (C51, C164 and C166) 

(Fig.3.18B).  

 S. natalensis ATCC 27448 ahpD deduced protein is 177 aa-long and presented 

predicted molecular weight of 19 kDa and pI of 4.95. The amino acid sequence of 

AhpD showed the conserved C-terminal CXXC motif (C131XXC134), typical of the AhpD 

protein family and that at least in M. tuberculosis is important for reducing AhpC [240] 

(Fig.3.18C).  

 

 

 

 

 

 

Fig.3.18 - S. natalensis ATCC 27448 

OxyR, AhpC and AhpD amino acid 

sequences.  (A) OxyR amino acid 

sequence presents two conserved 

cysteine residues responsible for sensing 

H2O2 (C
212

 and C
221

). (B) The AhpC 

amino acid sequence shows the three 

conserved cysteine residues that 

catalyse the detoxification of peroxides 

(C
51

, C
164

 and C
166

). (C) In the AhpD 

amino acid sequence it can be found a 

CXXC motives that is involved in AhpC 

reduction (C
131

XXC
134

). Conserved 

residues are highlighted in black. SNA, 

S. natalensis ATCC 27448; SU9, S. 

auratus AGR0001; SGR, S.griseus 

subsp. griseus NBRC 13350; SCO S. 

coelicolor A3(2); SMCF, S.coelicoflavus 

ZG0656; SSDG, S. pristinaespiralis 

ATCC 25486; (Rv) M. tuberculosis 

H37Rv. 

 

 

A                                                                                                                                                                                                                                            
SNA OxyR      207 : LDEGHCLRDQALDICREAGR 

SU9_09144     207 : LDEGHCLRDQALDICREAGR 

SGR_2500      214 : LDEGHCLRDQALDICREAGR 

SCO5033       201 : LDEGHCLRDQALDICREAGR 
     

B 
 

SNA AhpC       42 : AWPKDFTFVCPTEIAAFGKL      
SU9_09149      42 : AWPKDFTFVCPTEIAAFGKL      
SMCF_4500      42 : AWPKDFTFVCPTEIAAFGKL      
Rv2428         52 : FWPKDFTFVCPTEIAAFSKL   

 

SNA AhpC      156 : DALQTDELCPCNWSKGDDTL 

SU9_09149     156 : DALQTDELCPCNWSKGEDTL 

SMCF_4500     156 : DALQTDELCPCNWSKGDETL 

Rv2428        166 : DALQSDELCACNWRKGDPTL 

        

C              
 

SNA AhpD      124 : AVSAINGCGMCLDSHEQVLR 
SU9_09154     124 : AVSAINGCGMCLDSHEQVLR 

SSDG_05254    124 : AVSAINGCGQCLDSHEQVLR 
Rv2429        123 : AVSAINGCSHCLVAHEHTLR 

  

 

 

 

 

 

                                                                                                                           

 

                                                              

                                                                                                                           

                                                              



FCUP 
3 Results and discussion. Antioxidant enzymatic systems in S. natalensis ATCC 27448 

99 

 

3.3.3 Clade 3 monofunctional haem-containing catalase  

 A 2.4 kb NcoI fragment from cosmid A1, was found to hybridise with probe KA1 

(Fig.3.19A). The fragment was cloned into NcoI digested pGEM®-T Easy vector and 

sequenced (GenBank accession number JN005772). The fragment was 2430 bp and 

in silico analysis of the fragment showed the presence of two complete open reading 

frames (ORFs), katA1 (1464 bp) and catR (423 bp), divergently transcribed and 

separated by 161 bp (Fig.3.19B).  

 

Fig.3.19 – Nco I fragment from cosmid A1. (A) Southern blotting hybridisation of cosmid A1 digested with NcoI (lane 

1) using KA1 fragment as probe.  HindIII was used as ladder (L). The arrow indicates the 2.4 kb Apa I fragment that 

hybridised with Ka1probe. (B) Gene organisation in the NcoI fragment from cosmid A1. The black bar below katA1 

represents the internal fragment Ka1 used as probe in the Southern blotting hybridisation. N, Nco I. GenBank accession 

number JN005772. 

 

 The high G+C content of katA1 (68.1 %) and catR (70.7 %) corresponded to the 

values generally described for Streptomyces [310]. katA1 codon usage analysis 

showed that the G+C content was 65.2 % in the first position, 43.9 % in the second 

position and 95.3 % in the third position. In catR, G +C content in the first codon 

position was 74.5 %, 46.1 % in the second position and 91.5 % in the third position.  

In silico analysis of the katA1-catR intergenic region allowed the identification of RBS 

sequences, as well as -10 and -35 elements in the katA1 and catR promoter 

sequences (Fig.3.20). 
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Fig.3.20 – katA1 and catR intergenic region. Putative -35 and -10 elements (green boxes) were identified using the 

software “BPROM”. In addition, putative ribosome binding sites (RBS) (grey boxes) were also identified. The start 

codons of katA1 and catR are highlighted in blue. Numbers indicate the nucleotide position in the sequence with the 

GenBank accession number JN005772. 

 

 The product of katA1 is 487 aa with a deduced molecular mass of 54 kDa and a 

pI of 5.8. Two conserved domains were identified in KatA1: catalase active site motif 

(amino acids 47 to 63) that is located in the N-terminal region of the protein and the 

haem-ligand motif (amino acids 337 to 345) that it can be found in the C-terminal 

region) (Fig.3.21A). 

 CatR protein is 140 aa long and has a deduced molecular weight of 15.8 kDa 

and pI of 5.9 and contains the four cysteine residues conserved in PerR-like proteins 

involved in the coordination of the structural Zn2 (C81XXC84 and C132XXC135), as well as 

two residues (H32 and H78) responsible for the coordination of either Fe2+ or Mn2+ 

(Fig.3.21B) [226, 315].  

 

 

 

 

 

 

 

 

 

                                          

1771 : GCTGCTGTCTACCGACACGTGCGCCTCCTGAAGTGATCTCCACCTGTCCC 

       CGACGACAGATGGCTGTGCACGCGGAGGACTTCACTAGAGGTGGACAGGG 

                            RBS 

                   katA1 

 

      -35 element            -10 element                        

1821 : TTGGCTTGCGCCGTAGCCGATCCTACATTGGACATTGTCTAAGTCAAGAA 

       AACCGAACGCGGCATCGGCTAGGATGTAACCTGTAACAGATTCAGTTCTT 

                       -10 element                       -35 element 

 

1871 : GCACCCGAAACTCATACCTGATCCGGTGATGGACCGGCCGCTGGTACCCT 

       CGTGGGCTTTGAGTATGGACTAGGCCACTACCTGGCCGGCGACCATGGGA 

 

                              catR 

                          RBS 

1921 : GGGCTGTATCTGACTGATAGGTGATTGGCATGAGTGACCTGCTGGAACGG 

       CCCGACATAGACTGACTATCCACTAACCGTACTCACTGGACGACCTTGCC 



FCUP 
3 Results and discussion. Antioxidant enzymatic systems in S. natalensis ATCC 27448 

101 

 
 

 

 

 

 

 

Fig.3.21 - S. natalensis ATCC 27448 

KatA1 and CatR amino acid 

sequences. (A) KatA1 amino acid 

sequences alignments showing a 

catalase active site signature (amino 

acids 47 to 63) with a putative active 

site H
58

 and a haem-ligand signature 

(amino acids 337 to 345). (B) CatR 

amino acid sequences alignment two 

conserved histidine residues (H
32

 and 

H
78

) involved in the coordination of Fe 
2+

 

(or Mn
2+

) and four conserved cysteines 

arranged in the conserved motif CXXC 

(C
81

XXC
84

 and C
132

XXC
135

) responsible 

for the coordination of the structural 

Zn
2+

 ion. Conserved sequences are 

identified by black boxes and conserved 

residues are highlighted in black. SNA, 

S. natalensis ATCC 27448; SU9, S. 

auratus AGR0001; Strvi, S. 

violaceusniger Tu 4113; SBI, S. 

bingchenggensis BCW-1; B657, B. 

subtilis QB928. 

 

3.4 Discussion 

 Characterisation of the S. natalensis ATCC 27448 oxidative stress response 

was carried out in both solid and submerged cultures. S. natalensis ATCC 27448 

catalase activity profile presented a growth phase dependent pattern in both 

submerged and solid cultures (Fig.3.1 and Fig.3.9). In submerged cultures, S. 

natalensis ATCC 27448 overall catalase specific activity is kept at low levels until late 

S/P phase, then a shift occurs and catalase activity increases continuously throughout 

stationary phase (S/NP). In solid cultures, the overall catalase specific activity presents 

decreased levels during aerial mycelium development, when compared to the other 

stages of morphological development. The lower total catalase activity present in aerial 

mycelium may be due to the protection provided by the hydrophobic sheath against 

oxygen pressure, which would lead to a decrease in the generation of ROS. Sporulated 

aerial mycelium also possesses a hydrophobic coating. However, the formation of 

A 
                               catalase active site signature  

SNA KatA1   45 : AHFNRERIPERVVHARGAGA 

SU9_08262   45 : AHFNRERIPERVVHARGAGA 

Strvi_1526  46 : AHFNRERIPERVVHARGAGA 

SSNG_04752  47 : AHFNRERIPERVVHARGAGA 

                                                            

                     haem-ligand signature                                                                                                                                                                                     
SNA KatA1  329 : SPDKMLQGRLFAYGDAHRYR 

SU9_08262  329 : SPDKMLQGRLFAYGDAHRYR 

Strvi_1526 330 : SPDKMLQGRLFAYGDAHRYR 

SSNG_04752 331 : SPDKMLQGRLFAYGDAHRYR 

 

 

B 
 

SNA CatR    23 : AEVLDGDHVHYTADEVHALA 

SU9_08267   23 : AEVLDGDHVHYTADEVHALA 

SBI_04020   23 : AEVLDGEHVHYTADEVHALA 

B657_08730  28 : LEYLVNSMAHPTADDIYKAL 

        

SNA CatR    71 : NAHHDHQHLVCSRCGTIRDV 

SU9_08267   71 : NAHHDHQHLVCSRCGTIRDV 

SBI_04020   71 : NAHHAHQHLVCSRCGTIRDV 

B657_08730  86 : FVTSDHYHAICENCGKIVDF 

 

SNA CatR   120 : EVSEVTVTYRGLCPTCSGHH 

SU9_08267  120 : QVSEVTVTYRGICPHCSAPS 

SBI_04020  120 : AVSEVEVTYRGLCPDCAAA- 

B657_08730 125 : KVSHHRLEIYGVCPTCSKKE 
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spores is associated with stress conditions [316], which may explain the increase in 

catalase activity. Interestingly, it was observed that catalase activity is higher in solid 

cultures than in submerged cultures, which may be a consequence of the fact that 

microorganisms are subjected to a higher oxygen pressure when grown in solid 

cultures [317]. The native-PAGE assays revealed the presence of multiple putative 

catalases, among which it was possible to identify KatA1, a clade 3 monofunctional 

haem-containing catalase whose homolog in S. coelicolor is described as inducible by 

CatR in a H2O2-dependent way. The induction of osmotic and heat stress did not result 

in the expression of additional catalases, even though a modulation of the activity of 

the catalases expressed by S. natalensis ATCC 27448 in submerged cultures was 

observed (Fig. 3.7). 

 The effect of exogenous H2O2 and iron supplementation in submerged cultures 

also contributed with valuable knowledge regarding S. natalensis ATCC 27448 

oxidative stress response. The addition of H2O2 1 mM at different growth stages led to 

an increase in catalase activity, with the exception of RG2 phase. However, when 

cultures were supplemented with iron, catalase activity became inducible by H2O2 at 

RG2 phase. Given that katA1 transcription is repressed by the Fur-like regulator CatR, 

it became clear that iron could play a role in the induction of catalase activity. In fact, 

according with the studies made in PerR [226, 315], CatR may exist in a form that is 

sensitive to H2O2 (CatR-Fe2+) and in a form that is much less sensitive to H2O2 (CatR-

Mn2+). Thus, the increased iron availability derived from iron-supplementation may 

have led to the prevalence of CatR-Fe2+ form that is prone to H2O2 oxidation and 

consequently to the derepression of katA1. The transcription analysis of catR and 

katA1 corroborated these results (Fig.3.5).  

 Pimaricin production profile was temporally correlated with the period where 

catalase activity was kept at low levels (Fig.3.1). Furthermore, an insult at RG2 phase 

with H2O2 in iron supplemented cultures not only resulted in an induction of catalase 

activity but also in a decrease in pimaricin production. Interestingly, catalase activity 

detoxified the exogenous and the endogenous H2O2 lowering the intracellular levels of 

this particular ROS (Fig.3.6). These results pointed out to a correlation between 

catalase activity, H2O2 intracellular levels and pimaricin production. 

  Proteomic studies in S. natalensis ATCC 27448 showed that the addition of 

H2O2 1 mM to non-supplemented cultures at RG1 and RG2 phase resulted in a 

significant increase in AhpC protein levels. Contrarily, the addition of H2O2 1 mM to 

iron-supplemented cultures resulted in virtually no alteration of AhpC levels and in an 

induction of catalase activity (Fig.3.4). Hence, the results suggested that the AhpCD 

system not only has a prominent role in the detoxification of endogenously generated 
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H2O2 during exponential phase, but also that AhpCD and KatA1 are complementary 

H2O2-scavenging systems.  

 In what it concerns to O2
.--scavengers, S. natalensis ATCC 27448 expresses 

two SODs: an iron-containing SOD (SodF) and a nickel-containing SOD, SodN (Fig 

3.8) . Similarly to what was described in S. coelicolor [212, 213, 312], the expression of 

SODs in S. natalensis ATCC 27448 is highly dependent on the concentration of nickel 

present in the culture media (Fig.3.8). In nickel-free media, SodF is the only SOD 

detectable on native-PAGE assays, while in nickel-supplemented media only SodN is 

detectable. S. natalensis ATCC 27448 overall SOD activity levels were fairly constant 

throughout growth, varying less than 2-fold. This behaviour was observed in both 

nickel-free and nickel-supplemented media. However, the expression of SodN instead 

of SodF in nickel-supplemented cultures led to an overall decrease in SOD activity at 

all growth phases. The explanation to this outcome may be related with differences on 

enzymatic efficiencies, protein levels or enzyme maturation. Indeed, it was proposed 

that SodN maturation process needs the action of an aminopeptidase [211].  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

4 Results and discussion.  

Functional characterisation of SodF from     

S. natalensis ATCC 27448  
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SODs are metalloproteins responsible for the dismutation of O2
.-  in H2O2 and 

molecular oxygen. Thus, alterations on SOD activity have the potential to alter the ROS 

homeostasis of the cell. In fact, the deletion of SOD encoding genes leads to increased 

intracellular concentrations of O2
.-, as well as to hypersensitivity to redox-cycling 

agents, like paraquat in Corynebactrium and Francisella [318, 319]. The 

overexpression of SOD encoding genes has also been described as capable of altering 

ROS homeostasis, since it is often associated with an augment in the H2O2 intracellular 

concentration [320, 321]. Physiological characterisation showed that under pimaricin 

producing conditions only SodF is expressed (Fig.3.8). Thus, to functionally 

characterise the role of SodF in S. natalensis ATCC 27448 intracellular ROS 

homeostais and, consequently, in secondary metabolism, it was performed the deletion 

and overexpression of sodF. 

4.1 S. natalensis CAM.02 (sodF) - a SodF defective strain 

Deletion of sodF in S. natalensis ATCC 27448 was performed using the 

Redirect technology, a PCR-based method in which the target gene is replaced with a 

resistance cassette (aac(3)IV-oriT) through homologous recombination (Fig.4.1) [273]. 

The amplification of aac(3)IV-oriT was performed using the primers M_sodF_F and 

M_sodF_R (Table 2.3) and the plasmid pIJ733 as template. The resistance cassette 

was then used to replace the sodF locus in cosmid SF6 by homologous recombination, 

giving rise to cosmid SF6 ΔsodF::aac(3)IV-oriT. Next, the mutated cosmid was  

transferred to S. natalensis ATCC 27448 by intergeneric conjugation using the non-

methylating strain E. coli ET12567 [pUZ8002] [272]. Double recombinants were 

isolated based on apramycin resistance and kanamycin sensitivity. The confirmation of 

the double recombinant genetic identity was performed by PCR using the primers 

C_sodF_F and C_sodF_R (Table 2.3) (Fig.4.1B). In addition it was also performed a 

Southern blotting hybridisation using a 1.46 Kb Not I fragment as probe that included 

part of the sodF sequence and its upstream region (Fig.4.1C). The results were 

concordant with the expected profiles, thus confirming the genetic identity of the mutant 

strain. The newly generated strain was named S. natalensis CAM.02 (ΔsodF:: 

aac(3)IV-oriT). To simplify strains denomination, henceforward S. natalensis ATCC 

27448 will be referred as WT (wild-type) and S. natalensis CAM.02 (ΔsodF:: aac(3)IV-

oriT) as CAM.02 (ΔsodF). 
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Fig.4.1 - Construction of strain CAM.02 (sodF) by homologous recombination in S. natalensis ATCC 27448. (A) 

Predicted restriction enzyme polymorphism caused by gene replacement. The NotI restriction pattern before and after 

replacement is shown. The probe used for southern hybridisation is indicated by thick line. A, ApaI; N, NotI. (B) 

Confirmation of gene disruption by PCR. Primers CsodF_F and CsodF_R were used to identify double crossover 

mutants. Lane 1 - WT, lane 2 - CAM.02 (sodF) and lane L – GeneRuller 
TM

 (C) Confirmation of gene disruption by 

Southern hybridisation of the NotI digested chromosomal DNA. Lane 1 - WT, lane 2 - CAM.02 (ΔsodF) and lane L - 

DIG-labelled DNA Molecular Weight Marker II (Roche). 
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4.1.1 Characterisation in solid media 

4.1.1.1 Morphological development  

 To assess if CAM.02 (ΔsodF) displayed any morphological impairment 

phenotype, spores from WT and CAM.02 (ΔsodF) were inoculated in different solid 

media, namely: TBO, R5, YED, MYM, Hopwood minimal media (MM) (section 2.2). The 

plates were incubated for 8 days at 30 ºC (Fig.4.2).  

 

 

 

Fig.4.2 - Morphological development of CAM.02 (ΔsodF) in different solid media. TBO; R5, MYM,  YED, Hopwood 

minimal media (MM) were used to grow the S. natalensis strains. In each plate 3 x 10
8
 spores from WT and CAM.02 

(ΔsodF) were inoculated. The plates were incubated for 8 days at 30 ºC. 

 

 Regarding TBO media, the WT developed normally and the mycelium 

presented grey pigmentation typical of sporulated mycelium. CAM.02 (ΔsodF) also 

grew well in TBO and it also showed grey pigmentation. Nevertheless, the grey color 

presented by CAM.02 (ΔsodF) mycelium was visibly lighter than the WT. In R5 and 

MYM media both WT and CAM.02 (ΔsodF) developed normally, presenting light grey 

mycelium. Contrarily, in YED and in Hopwood minimal media none of the strains 

developed aerial mycelium. From these results one can stress that CAM.02 (ΔsodF) 

growing in TBO plates presented a slight impairment in the sporulation. 
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4.1.1.2 Catalase activity  

 CAM.02 (ΔsodF) catalase activity profile in solid media was determined by 

native-PAGE and spectrophotometrically, using protein extracts from vegetative, aerial 

and aerial sproulated mycelia (Fig.4.3).   

 

Fig.4.3 Catalase activity profile of CAM.02 (ΔsodF) in solid media. (A) Catalase specific activity was measured 

spectrophotometrically in WT and CAM.02 (ΔsodF) protein extracts. Results (average of triplicates and standard 

deviation) are representative of 3 independent experiments. The differences between the catalase specific activity from 

WT and CAM.02 (ΔsodF) at each time point were assessed by independent t-test. *, (P<0.01).  (B) Native-PAGE with 

catalase activity staining (50 g of protein extract per lane). Arrows indicate catalase activity bands. Samples were 

collected from vegetative mycelium (days 2 and 3), aerial mycelium (days 4 and 5) and sporulated aerial mycelium 

(days 7 and 8). 

 

 CAM.02 (ΔsodF) showed a growth-phase dependent pattern different from the 

one registered for the WT. While in WT the catalase specific activity presented a 2-fold 

decrease from vegetative mycelium to aerial mycelium, CAM.02 (ΔsodF) presented the 

opposite tendency. At sporulated aerial mycelium both strains presented similar levels 

of catalase specific activity (Fig.4.3A). The CAM.02 (ΔsodF) native-PAGE catalase 

activity profile presented a band corresponding to KatA1 and an additional catalase 

activity band detected at the late stages of growth, as in the WT. KatA1 was not 

distinguishable from the closely-migrating band visible in the WT profile, which did not 

allow a clear determination of the behaviour throughout growth (Fig.4.3B). 
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4.1.2 Characterisation in submerged cultures 

 The physiological characterisation in submerged cultures of the knock-out strain 

CAM.02 (ΔsodF) was performed in the complex medium YEME. Growth was monitored 

spectrophotometrically (OD600nm) (Fig.4.4). Even though CAM.02 (ΔsodF) and WT 

presented similar growth kinetics, the spectrophotometrical values suggest that 

CAM.02 (ΔsodF) reached lower biomass than WT. Dry weight measured at 72 h 

showed that WT reached a higher biomass (4.48 mg/mL) than CAM.02 (ΔsodF) (3.63 

mg/mL).  

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 - Growth curve of CAM.02 

(ΔsodF) growing in YEME 

medium. Results (average of 

triplicates and standard deviation) 

are representative of three 

independent experiments. 

 

4.1.2.1 Characterisation of the antioxidant system 

 

Characterisation of the SOD activity profile was performed both 

spectrophotometrically and by native-PAGE at the different growth stages RG1, RG2, 

S/P and S/NP (Fig.4.5). Throughout growth CAM.02 (ΔsodF) presented residual levels 

of SOD specific activity (Fig.4.5A), which was concordant with the absence of 

detectable SOD activity bands in the native-PAGE profile (Fig.4.5B). In these growth 

conditions, SodF is preferably expressed over SodN. Thus, it was expectable to 

observe a lack of SOD activity in CAM.02 (ΔsodF). Nevertheless, residual SOD activity 

was detected, especially at RG1 phase. This could be the result of the action of other 

enzymes with the ability to poorly detoxify O2
.- or an artefact derived from the SOD 

activity determination method, which measures O2
.- detoxification in an indirect way. 
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Fig.4.5 - SOD activity profile of CAM.02 (ΔsodF) in submerged cultures. (A) SOD specific activity measured 

spectrophotometrically in WT and CAM.02 (ΔsodF) protein extracts. Results (average of triplicates and standard 

deviation) are representative of 3 independent experiments. For each comparisons it was applied an independent t-test. 

*, (P<0.01).  (B) SOD avtivity profile in native-PAGE (75 g of protein extract per lane). Mycelium samples were 

collected at the different growth stages: RG1, RG2, S/P and S/NP. Both strains were grown in YEME medium (-) and in 

YEME supplemented with NiSO4 20 M (+). 

 

 Further SOD activity profile characterisation of CAM.02 (ΔsodF) in submerged 

cultures was performed by comparing samples from mycelium grown in nickel-limited 

or -supplemented (NiSO4 20 M) media (Fig.4.5). WT SOD specific activity showed a 

similar behaviour in both nickel-limited and nickel-supplemented medium; although the 

values were slightly lower in the nickel-supplemented situation (Fig.4.5A). By its turn, 

CAM.02 (ΔsodF) showed a different behaviour in the nickel-supplemented situation, 
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presenting residual SOD activity levels at RG1, followed by a 5-fold increase at RG2 

and a stabilisation of SOD activity levels until S/NP (Fig.4.5A). These values were 

significantly lower than the ones registered for WT growing in the same situation. The 

native-PAGE SOD activity profile in the CAM.02 (ΔsodF) nickel-supplemented samples 

showed the presence of an activity band corresponding to SodN (Fig.4.5B). CAM.02 

(ΔsodF) SodN activity band presented less intensity than in the WT throughout growth, 

which was in agreement with the SOD specific activity values. 

 The transcription profile of sodN was determined by RT-qPCR in samples 

harvested at RG2 from non- and nickel-supplemented media cultures of WT and 

CAM.02 (ΔsodF) (Fig.4.6A). In the nickel-supplemented situation it was not detected a 

significant difference between strains. 

 

 

 

Fig.4.6 - Transcription profile of sodN, katA1 and catR in CAM.02 (ΔsodF). (A) Transcript levels of sodN. WT and 

CAM.02 (ΔsodF) strains were grown in YEME (-) and YEME supplemented with NiSO4 20 M (+) and mycelium 

samples were collected at RG2. (B) Transcript levels of katA1 and catR. WT and CAM.02 (ΔsodF) were grown in YEME 

medium. The Mean Normalised Fold Expression (± standard errors) of the target genes was calculated relative to the 

transcription of the reference genes (16 S rDNA and lysA) and the reaction of internal normalisation was performed 

using the sample from WT grown in non-supplemented YEME as the control situation (Pfaffl Method). 

 

 Regarding catalase activity, CAM.02 (ΔsodF) presented increased levels 

throughout growth, when compared with the WT (10-fold at RG1 and RG2 and 2-fold at 

S/P) (Fig.4.7A). The CAM.02 (ΔsodF) catalase activity native-PAGE profile showed two 

activity bands as in the WT, even though with different intensities. These differences in 

intensity were particularly visible in the KatA1 activity band, which was more intense in 

CAM.02 (ΔsodF) than in the WT at all growth stages (Fig.4.7B). Both katA1 and catR 

were found to be overexpressed in CAM.02 (ΔsodF) (Fig.4.6B), which confirmed that 
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KatA1 was the major responsible for the CAM.02 (ΔsodF) increased catalase activity 

levels.  

 

  

 

 

 

 

 

 

Fig.4.7 - Catalase activity profile of 

CAM.02 (ΔsodF). (A) Catalase specific 

activity of WT and CAM.02 (ΔsodF) 

protein crude extracts from the different 

growth stages: RG1, RG2, S/P and 

S/NP. Results (average of triplicates 

and standard deviation) are 

representative of 3 independent 

experiments. The differences between 

the catalase specific activity from WT 

and CAM.02 (ΔsodF) at each time point 

were assessed by independent t-test. *, 

(P<0.01). B) Catalase activity native-

PAGE profile (50 g of protein extracts 

per lane) of WT and CAM.02 (ΔsodF). 

Protein extracts from the different 

growth stages: RG1, RG2, S/P and 

S/NP.  

 

In what it concerns to intracellular H2O2, CAM.02 (ΔsodF) presented lower 

levels than the WT throughout the growth curve (Fig.4.8A). Furthermore, the induction 

of SodN expression in nickel-supplemented cultures of CAM.02 (ΔsodF) was able to 

recover the H2O2 intracellular levels at RG2 phase to the WT levels (Fig.4.8B). In the 

WT no significant differences were observed between nickel-free and supplemented 

cultures. These results demonstrate that SOD activity has the ability to modulate the 

H2O2 intracellular concentration. 
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Fig.4.8 - H2O2 intracellular levels in CAM.02 (ΔsodF). (A) H2O2 intracellular levels in samples from WT and CAM.02 

(ΔsodF) cultures harvested at RG1, RG2 and S/P and incubated with DHR. (B) H2O2 intracellular levels in samples from 

WT and CAM.02 (ΔsodF) cultures grown in YEME (-) and YEME supplemented with NiSO4 20 M (+) harvested at RG2.  

Results (average of triplicates and standard deviation) are representative of three independent experiments. For each 

comparison it was applied an independent t-test. *, (P<0.01). 

4.1.2.2 Pimaricin production 

To assess whether the new intracellular ROS equilibrium verified in CAM.02 

(ΔsodF) influenced secondary metabolism, pimaricin production was quantified in WT 

and CAM.02 (ΔsodF) culture broths (Fig.4.9A). The results showed that CAM.02 

(ΔsodF) was a pimaricin underproducing strain lower than the WT along the growth 

curve (final pimaricin specific concentration: 52.4 % of the WT).  

Pimaricin production was also assessed in nickel-supplemented cultures 

(Fig.4.9B). CAM.02 (ΔsodF) final pimaricin specific production was 8.5 % of the WT in 

the nickel-limited medium and 35.7 % of the WT in the nickel-supplemented medium, 

showing that the expression of SodN partially recovered pimaricin production. In 

addition, a discrepancy in final pimaricin yields was observed in CAM.02 (ΔsodF): from 

8 % to 52.4 % of the WT levels. Although pimaricin specifc values were not stable, 

CAM.02 (ΔsodF) displayed a pimaricin underproducing phenotype in all the biological 

replicates. It is also worth noting the negative effect of NiSO4 over pimaricin production 

in the WT (71.6 % of the non-treated situation). In agreement with this, it has been 

reported that nickel, as well as other divalent metals, may decrease antibiotic 

production in Streptomyces [322].  

 

 

 



116 FCUP 
4 Results and discussion. Functional characterisation of SodF from S. natalensis ATCC 27448 

 

 

Fig.4.9 - Pimaricin production profile of CAM.02 (ΔsodF). (A) Pimaricin specific production in WT and CAM.02 

(ΔsodF) cultures. Samples were collected at RG2, transition between RG2 and S/P, S/P and S/NP. Pimaricin specific 

production was expressed in percentage of control: WT at RG2 phase (B) Pimaricin specific production at 72 h in WT 

and CAM.02 (ΔsodF) cultures grown in YEME (-) and YEME supplemented with NiSO4 20 M (+). WT grown in non-

supplemented YEME was used as control. Results (average of triplicates and standard deviation) are representative of 

three independent experiments. For each comparison it was applied an independent t-test. *, (P<0.01). 

 

4.1.3 Gene complementation 

 To confirm that the CAM.02 (ΔsodF) mutant strain phenotype was a direct 

consequence of sodF deletion, a complementation of the CAM.02 (ΔsodF) mutant 

strain with sodF was performed. A 779 bp blunt-ended amplicon containing the 

complete sodF sequence plus its promoter region was cloned into the EcoRV site of 

the integrative vector pSETneo [148], giving rise to pSETsodF. The plasmids pSETneo 

(control) and pSETsodF were introduced into E. coli ET12567 [pUZ8002] and 

transferred to WT and to CAM.02 (ΔsodF) by intergeneric conjugation [272], originating 

WT [pSETneo] and CAM.02 (ΔsodF) [pSETsodF], respectively. Confirmation of vector 

integration into the chromosome was performed by PCR using the primers neo_F and 

neo_R (Table 2.3) that amplify an internal 500 bp fragment of the kanamycin resistance 

gene neo (Fig.4.10). The PCR results showed the presence of an amplicon with 500 bp 

in both strains, confirming the integration of the plasmids into the chromosome. 

 The specific pimaricin production of WT [pSETneo] and CAM.02 (ΔsodF) 

[pSETsodF] was measured at 72 h (S/NP). Introduction of pSETsodF partially 

recovered pimaricin production in CAM.02 (ΔsodF) to the control levels. The strain 

CAM.02 (ΔsodF) [pSETsodF] presented a specific pimaricin production of 86 % of the 

WT [pSET152neo]. 
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Fig.4.10 - Confirmatory PCR of chromosomal 

integration of pSET152neo and pSETsodF. PCR was 

performed using the primers neo_F and neo_R. Lane 1 – 

WT; lane 2 - WT [pSET152neo]; lane 3 - CAM.02 (ΔsodF) 

[pSETsodF]; lane L - GeneRuler
TM

. 

4.2 Overexpression of sodF in S. natalensis ATCC 27448 

 To overexpress sodF, a 704 bp PCR derived fragment containing the entire 

sodF sequence was cloned into the pSET152 derivative pIB139 [270] under the 

constitutive promoter ermE*p, originating the plasmid pIBsodF. Primers sodF_ermE_F 

and sodF_ermE_R included BamHI and XbaI restriction sites, respectively. These 

restriction sites were used to clone the amplicon in pIB139. Afterwards, pIB139 and 

pIBsodF were introduced into E. coli ET12567 [pUZ8002] and transferred to S. 

natalensis ATCC 27448 by intergeneric conjugation, originating the strains WT 

[pIB139] and WT [pIBsodF]. Integration into the chromosome was confirmed by PCR 

using the primers pIB_U_F and pIB_U_R that target the upstream and downstream 

regions of pIB139 MCS (Table 2.3) (Fig.4.11).  The expected lengths for the obtained 

amplicons were 293 bp for WT [pIB139] and 897 bp for WT [pIB139sodF]. The 

obtained amplicons were concordant with the predicted lengths, hence confirming the 

successful integration of pIB139 and pIBsodF into the chromosome. 

 

 

 

 

 

 

 

Fig.4.11 - Confirmatory PCR of chromosomal 

integration of pIB139 and pIBsodF. PCR was performed 

using the primers pIB_U_F and pIB_U_R. WT (lane 1), WT 

[pIB139] (lane 2) and WT [pIBsodF) (lane 3) and 

GeneRuler
TM

 (lane L).  
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4.2.1 Characterisation in submerged cultures 

 Regarding growth kinetics WT, WT [pIB139] and WT [pIBsodF] presented 

similar behaviours (Fig.4.12). 

 

 

 

 

 

 

 

Fig.4.12 - Growth curve of 

WT, WT [pIB139] and WT 

[pIB139 sodF] growing in 

YEME medium. Results 

(average of triplicates and 

standard deviation) are 

representative of three 

independent experiments. 

 

SOD specific activity was measured in samples from WT, WT [pIB139] and WT 

(pIBsodF) collected at RG1, RG2, S/P and S/NP phases (Fig.4.13A). The values 

registered for WT and WT [pIB139] were not significantly different across the different 

growth phases, indicating that the integration of the empty vector did not influence SOD 

activity. In turn, WT [pIBsodF] showed higher SOD specific activity throughout the 

growth curve, when compared with WT [pIB139]. 

Interestingly, in WT [pIBsodF] the increase in SOD activity was not 

accompanied with a generalised increase in H2O2 intracellular levels, except for RG1 

phase (Fig.4.13B). At early exponential phase the increased SOD activity resulted in a 

5-fold increase in H2O2 intracellular levels; however at late exponential phase and 

stationary phase H2O2 intracellular levels were re-established to the WT levels. 

The effect of sodF overexpression in secondary metabolism was assessed by 

measuring the final pimaricin production at 72 h (S/NP) (Fig.4.13C). It is worth noting 

the negative effect of pIB139 integration on pimaricin biosynthesis. WT [pIB139] 

showed a 33 % decrease when compared with the WT. A similar effect was already 

reported for pimaricin production in S. natalensis ATCC 27448 with other pSET152 

derivatives [147, 148]. The results showed that WT [pIBsodF] was a pimaricin 

overproducing strain: 233 % of the WT [pIB139] levels. Such effect was already 

reported for the production of actinorhodin and undecylprodigiosin in S. lividans TK24 

and clavulanic acid in S. clavuligerus NRCC 3585 [253]. However, the authors did not 

show any characterisation of SOD activity or ROS intracellular levels and correlated the 
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secondary metabolism outcome with an augmented life span. Contrarily, in S. 

natalensis, the overexpression of sodF did not lead to major differences in growth 

kinetics (Fig.4.12), whilst H2O2 intracellular levels were significantly altered at early 

exponential growth (Fig.4.13B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.13 - Characterisation of S. natalensis 

overexpressing sodF in submerged cultures. 

(A) SOD specific activity in WT, WT [pIB139] 

and WT [pIBsodF]. Samples were collected at 

RG1, RG2, S/P and S/NP phases. (B) H2O2 

intracellular levels in WT, WT [pIB139] and WT 

[pIBsodF]. Samples were collected at RG1, RG2 

and S/P phases. C) Final pimaricin specific 

production of WT, WT [pIB139] and WT 

[pIBsodF].  Pimaricin was expressed as 

percentage of control: WT. Results (average of 

triplicates and standard deviation) are 

representative of 3 independent experiments. 

For each comparison it was applied an 

independent t-test. *, (P<0.01). 

  

4.3 Discussion 

 Generation of a sodF knock-out mutant in S. natalensis resulted in a strain, 

CAM.02 (sodF), which presented a different intracellular ROS balance than the WT, 
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with lower levels of H2O2 throughout the growth curve (Fig.4.8). This new H2O2 

homeostasis can be explained by the combined effect of the lack of SOD activity, due 

to the deletion of sodF, and the increase in catalase specific activity. The increased 

levels of catalase activity, observed both in solid and liquid medium, are derived from 

the expression of the H2O2 inducible catalase, KatA1 (Fig.4.3 and Fig.4.7). The 

probable accumulation of O2
.-  in CAM.02 (sodF) may play a role in katA1 

transcription. It has been reported that a rise in O2
.- intracellular concentrations in SOD-

null mutants results in an iron overload due to the oxidation of iron-sulphur clusters 

[181, 183]. The increase in iron availability originates an increased CatR-Fe2+/CatR-

Mn2+ ratio. The predominance of the CatR-Fe2+ form may have led to an enhanced 

sensitivity to H2O2 and, as a consequence, to the derepression of katA1 and catR 

transcription.  

 The existence of a nickel-mediated regulation of sodF and sodN transcription in 

Streptomyces [215] allowed a SOD activity complementation of the CAM.02 (sodF) 

mutant strain by the induction of sodN transcription in nickel-supplemented cultures 

(Fig.4.5). In these conditions, the transcription of sodN in CAM.02 (sodF) was 

comparable to the WT; however the SOD activity levels of SodN in the mutant were 

significantly lower than the WT throughout the growth curve (Fig.4.6). This outcome 

suggested additional regulation mechanisms involved in SOD activity modulation in 

Streptomyces beyond the previous identified Nur regulator [215].  Interestingly, a 5-fold 

induction in the total SOD activity is observed in CAM.02 (sodF) from early into late 

exponential phase, presumably ascribed to SodN. This effect could be explained by an 

induction of SOD activity by the accumulation of intracellular O2
. expected to occur in 

the mutant strain as a consequence of a deletion of the main SOD. Despite that sodN 

expression in Ni-supplemented cultures did not fully complemented the lack of SodF in 

CAM.02 (sodF) strain, it was able to restore H2O2 intracellular levels to the WT. 

 The overexpression of sodF in S. natalensis led to a limited, but significant 

increase in SOD activity (Fig.4.13A). Given that ermE* is considered to be a strong and 

constitutive promoter in Streptomyces, it would be expectable a more prominent 

increase in SOD activity. This effect may be derived from mechanisms of post-

transcriptional or post-translational regulation, or even a deficient transcription. 

Nevertheless, an increase in intracellular H2O2 levels was also observed in the SodF 

overexpression, although restricted to the early exponential phase suggesting adaptive 

mechanisms (Fig.4.13B).  

 Regarding pimaricin biosynthesis the results show a positive correlation of 

pimaricin production with intracellular H2O2 concentration. CAM.02 (sodF) strain 
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showed a pimaricin underproducing profile, whereas the increase in H2O2 intracellular 

levels in CAM.02 (sodF) nickel-supplemented cultures and WT [pIBsodF] strain 

correlated with an increased pimaricin production (Fig.4.9 and Fig.4.13). Despite the 

technical limitations regarding experimental O2
.- quantification, one can safely assume 

variations in the intracellular O2
.- levels in the tested strains, namely increased levels in 

the CAM.02 (sodF) strain and lower levels in the WT [pIBsodF] strain. Thus, it can be 

hypothesized that the deleterious effects of O2
.- may negatively influence pimaricin 

production in S. natalensis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

5 Results and discussion.  

Functional characterisation of AhpCD from 

S. natalensis ATCC 27448 
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5.1 S. natalensis CAM.04 (ahpCD) – an AhpCD defective strain 

 AhpCD system is an important Actinobacteria antioxidant defence 

against H2O2, organic peroxides and peroxynitrite [238, 244]. To functionally 

characterise this system in S. natalensis ATCC 27448, a ahpCD defective strain was 

constructed. The ahpCD knock-out mutant was constructed applying the Redirect 

technology (Fig.5.1).  

 

Fig.5.1 - Construction of strain CAM.04 (ahpCD) by gene replacement of ahpCD. A) Predicted restriction enzyme 

polymorphism caused by gene replacement. The Pvu II restriction pattern before and after replacement is shown. The 

probe used for southern hybridisation is indicated by thick lines. B, Bam HI; N, Nco I; P, Pvu II. B) Confirmation of gene 

disruption by PCR. Primers  C_ahp_F and C_ahp_R  targeting ahpCD flanking regions  were used for screening double 

crossover mutants. Lane 1 - CAM.04 (ahpCD), lane 2 - WT and lane L – GeneRuller 
TM

 C) Confirmation of gene 

disruption by Southern hybridisation of the PvuII digested chromosomal DNA. Lane 1 - wild type; lane 2 CAM.04 

(ΔahpCD; lane L - DIG-labelled DNA Molecular Weight Marker II (Roche). 
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 The resistance cassette aac(3)IV-oriT from pIJ773 was amplified by PCR using 

the primers M_ahpC_F and M_ahpC_R (Table 2.3). Cosmid X10 ahpCD loci was 

replaced with aac(3)IV-oriT through homologous recombination, giving rise to cosmid 

X10 ahpCD::aac(3)IV-oriT. The mutated cosmid was then transformed into E. coli 

ET12567 [pUZ8002] and transferred to S. natalensis ATCC 27448 by intergeneric 

conjugation [272]. Double recombination was confirmed by PCR using the primers 

C_ahp_F and C_ahp_R (Table 2.3) (Fig.5.1B) and Southern blotting using an internal 

fragment of oxyR as a probe (Fig.5.1C). Both results were concordant with the 

predicted profiles, confirming double recombination. The mutant strain was named S. 

natalensis CAM.04 (ahpCD::aac(3)IV-oriT), henceforward referred as CAM.04 

(ahpCD). 

5.1.1 Characterisation in solid media 

5.1.1.1 Morphological development 

CAM.04 (ΔahpCD) morphological development was assessed in different solid 

media: TBO, R5, YED, MYM and Hopwood minimal media (MM) (section 2.2) (Fig.5.2).  

 

Fig.5.2 - Morphological development of CAM.04 (ΔahpCD) in different solid media. TBO, R5, MYM, YED and 

Hopwood minimal media (MM) were used to grow S. natalensis strains In each plate 3 x 10
8
 spores from WT and 

CAM.04 (ΔahpCD) were inoculated. The plates were incubated for 8 days at 30 ºC. 
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CAM.04 (ΔahpCD) behaved similarly to WT in the different media with the 

exception of TBO. In this solid medium, CAM.04 (ΔahpCD) sporulated mycelium 

presented a grey pigmentation lighter than the WT, suggesting that, although 

sporulation was not completely suppressed, the lack of a functional AhpCD system 

may have resulted in an inefficient formation of spores.  

5.1.1.2 Catalase activity 

 The catalase activity profile of CAM.04 (ΔahpCD) was assessed in cells grown 

in the sporulating medium TBO. Samples from vegetative mycelium, aerial mycelium 

and sporulated aerial mycelium were analysed for catalase activity by native-PAGE 

and spectrophotometrically (Fig.5.3). 

 

 

 

Fig.5.3 - Catalase activity profile of CAM.04 (ΔahpCD) in solid media.. (A) Catalase specific activity was measured 

spectrophotometrically in WT and CAM.04 (ΔahpCD) protein extracts.  Results (average of triplicates and standard 

deviation) are representative of three independent experiments. The differences between the catalase specific activity 

from WT and CAM.04 (ΔahpCD) at each time point were assessed by independent t-test. *, (P<0.01).  (B) Native PAGE 

with catalase activity staining (50 g of protein extract per lane). Arrows indicate catalase activity bands. Samples were 

collected from vegetative mycelium (days 2 and 3), aerial mycelium (days 4 and 5) and sporulated aerial mycelium 

(days 7 and 8). 
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 CAM.04 (ΔahpCD) catalase specifc activity in solid media showed a similar 

pattern to the WT i.e., a decrease from the vegetative mycelium into aerial mycelium, 

followed by an increase upon sporulation (Fig.5.3A). Even though the tendency was 

the same, the absolute values were significantly higher in CAM.04 (ΔahpCD) than in 

the WT at all growth stages, particularly at vegetative and aerial mycelium. The 

catalase activity native-PAGE profile of CAM.04 (ΔahpCD) presented a band 

corresponding to KatA1 and a fast-migrating band (Fig.5.3B) KatA1 band intensity did 

not show visible variations along growth in CAM.04 (ΔahpCD), contrarily to what was 

verified for WT. The band that closely migrated with KatA1 in the WT profile was most 

probably masked by KatA1 activity. Regarding the fast-migrating band it seemed to be 

expressed earlier (vegetative mycelium) in CAM.04 (ΔahpCD) than in WT, which may 

have contributed to the increase in the overall catalase activity in the earlier stages of 

growth. In summary, this data showed that the absence of AhpCD led to a constitutive 

increase of catalase activity in solid media. 

5.1.2 Characterisation in submerged cultures  

 The physiological characterisation of CAM.04 (ΔahpCD) in submerged cultures 

was performed in YEME. WT and CAM.04 (ΔahpCD) presented similar growth kinetics 

(Fig.5.4).  

 

 

 

 

 

 

 

 

Fig.5.4 - Growth curve of CAM.04 (ΔahpCD) 

growing in YEME medium. Results (average 

of triplicates and standard deviation) are 

representative of three independent 

experiments. 

 

 Although the behaviour regarding growth kinetics was alike, CAM.04 (ΔahpCD) 

seemed to have reached a higher biomass at the end of the culture, when compared 

with the WT. This outcome was confirmed by dry weight at 72 h, where WT cultures 
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reached a dry weight of 4.32 mg/mL, whereas CAM.04 (ΔahpCD) revealed a final dry 

weight of 5.3 mg/mL.  

 

5.1.2.1 Antioxidant defences 

SOD specific activity profile of CAM.04 (ΔahpCD) was determined 

spectrophotometrically along the growth curve (Fig.5.5). CAM.04 (ΔahpCD) overall 

SOD activity behaviour resembled the one displayed by the WT. However, CAM.04 

(ΔahpCD) SOD activity levels were significantly lower than the WT, especially at S/NP 

phase.  

 

 

 

Fig.5.5 - SOD specific activity profile of 

CAM.04 (ΔahpCD) in submerged cultures. 

Mycelium samples were collected at the 

different growth stages RG1, RG2, S/P and 

S/NP. Results (average of triplicates and 

standard deviation) are representative of three 

independent experiments. The differences 

between the SOD specific activity from WT and 

CAM.04 (ΔahpCD) at each time point were 

assessed by independent t-test. *, (P<0.01). 

 

 

CAM.04 (ΔahpCD) catalase activity profile in submerged cultures was assessed 

by native-PAGE with catalase activity staining and spectrophotometrically at the 

different growth stages (Fig.5.6). When compared with the WT, CAM.04 (ΔahpCD) 

presented a significant increase in catalase activity across the growth curve, 

particularly during the exponential phase (RG1 and RG2), revealing a 30-fold increase . 

Another interesting feature in CAM.04 (ΔahpCD) is that catalase activity is maintained 

contantly high except for the late stationary phase (S/NP) (Fig.5.6A). The native-PAGE 

profile showed that the imbalance in catalase activity was due to KatA1. The band that 

closely migrates with KatA1 was only present in exponential phase protein as in the 

WT (Fig.5.6B).  
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Fig.5.6 - Catalase specific 

activity profile of CAM.04 

(ΔahpCD) in submerged 

cultures. (A) Catalase specific 

activity. Results (average of 

triplicates and standard deviation) 

are representative of three 

independent experiments. The 

differences between the WT and 

CAM.04 (ΔahpCD) at each time 

point were assessed by 

independent t-test. *, (P<0.01). B) 

Native-PAGE catalase activity 

profile (50 g of protein extract 

per lane). Samples were 

harvested at the different growth 

stages: RG1, RG2, S/P and 

S/NP. 

 

 

The transcript levels of katA1 and catR were assessed by RT-qPCR (Fig.5.7) at 

RG2 phase. The RT-qPCR results clearly showed that, in the absence of ahpCD, 

katA1 and catR were overexpressed.  

 

Fig.5.7 - Transcription profile of katA1 and catR 

in CAM.04 (ΔahpCD). Samples were collected at 

RG2 and katA1 and catR transcription was assessed 

by RT-qPCR. The Mean Normalised Fold 

Expression (± standard errors) of the target genes 

was calculated relative to the transcription of the 

reference genes (16 S rDNA and lysA) and the 

reaction of internal normalisation was performed 

using WT the control situation (Pfaffl Method). 

 

 

Quantification of H2O2 intracellular levels showed that CAM.04 (ΔahpCD) 

presents higher levels than the WT throughout growth (Fig.5.8). This increase is 

particularly evident at RG1 phase (3-fold) and afterwards it reaches a steady-state 

above the WT levels. This data combined with katA1 overexpression and SOD activity 

inhibition strongly indicated that H2O2 intracellular concentration was indeed increased 

in the mutant strain CAM.04 (ΔahpCD).  However, even though these results are 
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concordant, it is known that the molecular probe DHR can also be oxidised by 

peroxynitrite [323], a reactive nitrogen species that is also detoxified by AhpC [234, 

324]. Thus, it cannot be ruled out that this increase in DHR oxidation levels may, at 

least in part, be caused by a deregulation in the peroxynitrite intracellular levels. 

 

 

 

 

Fig.5.8 - H2O2 intracellular levels in CAM.04 

(ΔahpCD). Results (average of triplicates and 

standard deviation) are representative of three 

independent experiments. The differences 

between the H2O2 intracellular levels from WT 

and CAM.04 (ΔahpCD) at each time point were 

assessed by independent t-test. *, (P<0.01). 

Samples were collected from WT and CAM.04 

(ΔahpCD) cultures at RG1, RG2 and S/P. 

 

5.1.2.2 Pimaricin production 

The effect of ahpCD deletion over secondary metabolism was assessed by the 

determination of CAM.04 (ΔahpCD) pimaricin production profile along the growth curve 

(Fig.5.9A). The results revealed that, at late exponential phase (RG2), CAM.04 

(ΔahpCD) pimaricin production was lower than the WT (0.1-fold at RG2 and 0.5-fold at 

the transition phase between RG2 and S/P), while, at stationary phase, CAM.04 

(ΔahpCD) reached a final pimaricin production that was 132.1 % of the WT. This data 

suggests that in CAM.04 (ΔahpCD), pimaricin production is either delayed and/or 

impaired at early stages of growth, albeit at stationary phase it presents a pimaricin 

overproducing phenotype.  

The effect of exogenously induced oxidative stress over pimaricin production in 

CAM.04 (ΔahpCD) was also surveyed (Fig.5.9B). To accomplish this, H2O2 was added 

to cultures at a final concentration of 10 mM at RG2 phase of WT and CAM.04 

(ΔahpCD) growing in YEME and in YEME supplemented with FeSO4 20 M. In non-

supplemented cultures, the addition of H2O2 10 mM led to an 11.8 % increase of 

pimaricin production in WT and a 38.3 % increase in CAM.04 (ΔahpCD). Iron 

supplementation per se resulted in a 10.2 % increase of pimaricin specific production in 

WT and a 24.2 % increase in CAM.04 (ΔahpCD). The challenge with H2O2 10 mM in 

iron-supplemented cultures was reflected in a growth arrest in WT (no pimaricin 

production was registered) and in a 17.8 % increase pimaricin production in CAM.04 

(ΔahpCD), when compared with the CAM.04 (ΔahpCD) non-supplemented cultures.  
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Fig.5.9 -  Pimaricin production profile of CAM.04 (ΔahpCD). (A) Pimaricin specific production of WT and CAM.04 

(ΔahpCD) cultures along growth curve. Pimaricin specific concentration was expressed as percentage of control: WT at 

RG2 phase. (B) Final pimaricin production (S/NP) of WT and CAM.04 (ΔahpCD) grown in YEME and YEME 

supplemented with FeIISO4 20 M. The effect of exogenous H2O2 was also studied by adding H2O2 at a final 

concentration of 10 mM to cultures at RG2. Pimaricin specific concentration was expressed as percentage of control: 

WT growing in non-supplemented YEME and with no H2O2 treatment. Results (average of triplicates and standard 

deviation) are representative of three independent experiments. The statistical significance of the different comparisons 

was assessed by independent t-test. *, (P<0.01). N.P., no production. 

5.1.3 Gene complementation 

To dismiss possible polar effects in CAM.04 (ΔahpCD) derived from the deletion 

of ahpCD, gene complementation was performed. A blunt-ended 1.3 kb PCR amplicon 

containing the ahpCD operon plus 200 bp of its promoter region was cloned into the 

EcoRV restriction site of integrative vector pSETneo [148], originating the plasmid 

pSETahpCD. Afterwards, pSETneo and pSETahpCD were transformed into E. coli 

ET12567 [pUZ8002] and transferred to the WT and CAM.04 (ΔahpCD) respectively, 

through intergeneric conjugation [272]. Exconjugants were screened for kanamycin 

resistance. The confirmation of the vector integration into the chromosome was 

performed by PCR using the primers neo_F and neo_R (Table 2.3) that amplify an 

internal fragment of the kanamycin resistance gene neo (Fig.5.10). The obtained 

amplicons with WT [pSETneo] and CAM.04 (ΔahpCD) [pSETahpCD] were in 

accordance with the predicted length (500 bp) which confirmed the chromosomal 

integration of the vector (Fig.5.9). Final pimaricin production in WT [pSETneo] and 

CAM.04 (ΔahpCD) [pSETahpCD] growing in YEME was determined. The 

measurement of the pimaricin specific production of the complemented strain was 

101.2 % of the WT [pSET152neo]. Since CAM.04 (ΔahpCD) was described as a 
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pimaricin overproducer, these results showed that the expression of the operon ahpCD 

under its own promoter reverted the overproducing phenotype. 

 

 

 

 

 

 

 

Fig.5.10 - Confirmatory PCR of chromosomal integration 

of pSET152neo and pSETahpCD. The PCR was performed 

using the primers neo_F and neo_R. Lane 1 - WT, lane 2 - 

WT [pSETneo], lane 3 - CAM.4 (ΔahpCD) [pSETahpCD] and 

lane L - GeneRuler
TM

. 

 

5.2 Discussion 

 Deletion of ahpCD resulted in a mutant strain - CAM.04 (ahpCD) – with a 

redox status different from the WT. In fact, H2O2 intracellular levels were significantly 

higher in CAM.04 (ahpCD) than the WT, especially at early exponential phase - RG1 

(Fig.5.8). As a consequence of the need to detoxify the H2O2 generated in excess, 

catalase activity of CAM.04 (ahpCD) was kept high throughout the growth curve, both 

in solid and in liquid medium (Fig.5.3 and Fig.5.6), through the CatR-mediated 

induction of the H2O2 inducible catalase (KatA1) transcription. The constitutive 

induction of KatA1 expression combined with the new H2O2 steady-state in CAM.04 

(ahpCD) strain, explains the resistant phenotype of CAM.04 (ahpCD) iron-

supplemented cultures to the addition of H2O2 in comparison with the WT grown in the 

same conditions (Fig.5.9). Hence, the results indicated that the AhpCD system not only 

has a prominent role in the detoxification of endogenously generated H2O2 during 

exponential phase, but also that AhpCD and KatA1 are complementary H2O2-

scavenging systems in Streptomyces.  

 The effects of increased H2O2 levels in CAM.04 (ahpCD) are not restricted to 

catalase activity induction. High H2O2 intracellular levels may have been the cause for 

the decreased SOD activity levels (Fig.5.5), since iron-containing SODs are inhibited 

by H2O2 [325]. Also, pimaricin overproduction in CAM.04 (ahpCD) directly correlates 

with the elevated H2O2 intracellular levels (Fig.5.9) [325] [324]. Worth noting that 

despite the pimaricin overproduction profile, the onset of pimaricin biosynthesis seems 
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to be delayed in CAM.04 (ahpCD). Interestingly, exogenous addition of H2O2 to the 

culture broth exacerbated the pimaricin overproducing phenotype of CAM.04 

(ahpCD). 
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6.1 S. natalensis CAM.05 (katA1) – a KatA1 defective strain 

Catalases are antioxidant enzymes present in all life domains that detoxify cells 

from H2O2 [181]. To functionally characterise S. natalensis ATCC 27448 KatA1, a 

knock-out mutant strain was constructed. The katA1 knock-out mutant in S. natalensis 

ATCC 27448 was constructed using PCR-based Redirect technology (Fig.6.1).  

 

Fig.6.1 - Construction of strain CAM.05 (katA1) by gene replacement of katA1. A) Predicted restriction enzyme 

polymorphism caused by gene replacement. The NcoI-XbaI restriction pattern before and after replacement is shown. 

The probe used for Southern blot hybridisation is indicated by thick lines. N, NcoI; X, XbaI. B) Confirmation of gene 

disruption by PCR. Primers C_KatA1_F and C_KatA1_R targeting katA1 flanking regions were used to identify double 

crossover mutants. Lane 1 - CAM.05 (katA1) , lane 2 - WT and lane L – GeneRuller 
TM

. C) Confirmation of gene 

disruption by Southern hybridisation of the NcoI-XbaI digested chromosomal DNA. Lane 1 - WT , lane 2 - CAM.05 

(katA1) and lane L - DIG-labelled DNA Molecular Weight Marker II (Roche). Extra bands hybridizing on the Southern 

blotting are cross-hybridisation with other genomic fragments. 
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 The apramycin resistance cassette aac(3)IV-oriT was amplified with the primers 

M_katA1_F and M_katA1_R (Table 2.3) and used to replace the katA1 locus in cosmid 

A1, giving rise to cosmid A1 katA1::aac(3)IV-oriT. The mutated cosmid was then 

transformed into E. coli ET12567 (pUZ8002) and transferred to S. natalenis ATCC 

27448 by intergeneric conjugation [272]. The exconjugants were screened for the 

occurence of double recombination based on apramycin resistance and kanamycin 

sensitivity. The genetic identity of double recombinats was confirmed by PCR and 

Southern blot hybridisation. The confirmatory PCR was carried out using the primers 

C_katA1_F and C_KatA1_R (Table 2.3), designed on the katA1 flanking regions 

(Fig.6.1B). For Southern blotting hybridisation, a 2.43 kb NcoI fragment that contained 

katA1 and catR was used as probe (Fig.6.1C). Both PCR and Southern blotting 

hybridisation confirmed katA1 replacement. The newly obtained strain was named S. 

natalensis CAM.05 (ΔkatA1::aac(3)IV-oriT), hereafter referred as CAM.05 (ΔkatA1). 

6.1.1 Characterisation in solid media 

6.1.1.1 Morphological development 

 CAM.05 (ΔkatA1) mycelia and WT spores were inoculated in different solid 

media: TBO, R5, YED, MYM and Hopwood minimal medium (MM) (section 2.2) to 

disclose possible effects over morphogenesis (Fig.6.2).  

 

Fig.6.2 - Morphological development CAM.05 (ΔkatA1) in different solid media. TBO, R5, MYM, YED and 

Hopwood minimal media (MM) were used S. natalensis strains. In each plate 3 x 10
8
 spores from WT and CAM.05 

(ΔkatA1) mycelia were inoculated. The plates were incubated for 8 days at 30 ºC. 
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 Interestingly, CAM.05 (ΔkatA1) development program was arrested at the 

vegetative mycelium stage with only scarce aerial mycelium formation in TBO. 

6.1.1.2 Catalase activity 

 The catalase activity profile of CAM.05 (ΔkatA1) in samples collected at the 

same time points that in the WT correspond to vegetative mycelium, aerial mycelium 

and aerial sporulated mycelium were assayed for spectrophotometrical and native-

PAGE catalase activity profiles (Fig.6.3).  

 

 

Fig.6.3 - Catalase activity profile of CAM.05 (ΔkatA1) in solid media. Catalase specific activity was measured 

spectrophotometrically in WT and CAM.05 (ΔkatA1) protein extracts.  Results (average of triplicates and standard 

deviation) are representative of three independent experiments. The differences between the catalase specific activity 

from WT and CAM.05 (ΔkatA1) at each time point were assessed by independent t-test. *, (P<0.01).  (B) Native PAGE 

with catalase activity staining (50 g of protein extract per lane). Arrows indicate catalase activity bands. Samples were 

collected from vegetative mycelium (days 2 and 3), aerial mycelium (days 4 and 5) and sporulated aerial mycelium 

(days 7 and 8).  

 

 The CAM.05 (ΔkatA1) catalase specific activity was residual throughout all time 

points (Fig.6.3A). This indicated that KatA1 is the major contributor to the overall 

catalase specific activity and that the compensatory mechanisms putatively triggered in 

the mutant strain did not restore the WT catalase activity levels. Regarding the native-

PAGE catalase activity profile, CAM.05 (ΔkatA1) revealed the presence of two bands 
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with catalase activity: the band that closely migrates with KatA1, which presented 

fading intensity along time and a fast-migrating band that was almost undetectable 

(Fig.6.3 B). The native-PAGE profile revealed that the mutant strain did not activate 

additional catalases.  

6.1.2 Characterisation in submerged cultures 

 The CAM.05 (ΔkatA1) bald phenotype greatly impaired the physiological 

analysis in submerged cultures. Since this strain did not form spores, cell stocks were 

made from mycelium grown in liquid cultures and cryopreserved. The mycelium stocks 

were used as inoculums for growth curves; and, in an effort to obtain comparable 

results, the same procedure was applied to the WT. Nevertheless, using this method 

growth kinetic was very variable and mycelium grew as cell aggregates, not allowing an 

accurate comparison between WT and CAM.05 (ΔkatA1). 

6.1.2.1 Catalase activity 

 CAM.05 (ΔkatA1) catalase activity profile was assessed by native-PAGE with 

catalase activity stainning and spectrophotometrically at the different growth phases 

(Fig.6.4). CAM.05 (ΔkatA1) catalase activity levels were residual and constant 

throughout growth (Fig.6.4A). CAM.05 (ΔkatA1) native-PAGE catalase activity profile 

revealed the presence of three bands: a band that co-migrated with KatA1, a band that 

closely migrated with KatA1 and a third one that seems to correspond to the fast-

migrating band detected in the protein extracts of strains growing in solid medium 

(Fig.6.4B). Interestingly, the catalase activity band that in the WT is only present at 

exponential phase, is also present at early stationary phase in CAM.05 (ΔkatA1). The 

presence of the other catalase activity bands at stationary phase showed that CAM.05 

(ΔkatA1) expresses two additional proteins with catalase activity in submerged 

cultures. Nevertheless, even though compensatory effects were observed in CAM.05 

(ΔkatA1), the overall catalase activity was kept at low levels. 
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Fig.6.4 - Catalase activity profile 

of CAM.05 (ΔkatA1) in submerged 

cultures. (A) Catalase specific 

activity of  WT and CAM.05 

(ΔkatA1). Results (average of 

triplicates and standard deviation) 

are representative of 3 independent 

experiments. The differences 

between the catalase specific activity 

from WT and CAM.05 (ΔkatA1) at 

each time point were assessed by 

independent t-test. *, (P<0.01). (B) 

Catalase activity native-PAGE profile 

of WT and CAM.05 (ΔkatA1) (50 g 

of protein extract per lane). Arrows 

indicate catalase activity bands. 

Samples were harvested at the 

different growth stages: RG1, RG2, 

S/P and S/NP. 

 

 

 Previous characterisations showed that (Chapter 3) KatA1 is the sole 

responsible for the induction of catalase activity upon a H2O2 insult. To further confirm 

this, WT and CAM.05 (ΔkatA1) cultures were challenged with H2O2 at a final 

concentration of 1 mM at RG1 phase and catalase specific activity was measured 1 h 

after the insult (Fig.6.5). 

 

 

Fig.6.5 - Effect of H2O2 over CAM.05 (ΔkatA1) 

catalase activity. Catalase specific activity in protein 

extracts from samples collected before (T0) and 1 h 

after (T1) the H2O2 1 mM insult at RG1 in WT and 

CAM.05 (ΔkatA1) cultures. Results (average of 

triplicates and standard deviation) are representative 

of three independent experiments. The difference 

between T1 and T0 in each strain was assessed by 

independent t-test. *, (P<0.01).  As a negative control 

it was used a sample collected at T1 from a culture 

that was not treated with H2O2.   
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 As expected the WT responded to the H2O2 insult with an increase in the overall 

catalase activity, whereas CAM.05 (ΔkatA1) did not present any significant alterations 

in the catalase activity levels, further demonstrating that KatA1 is the only catalase that 

responds to H2O2 in S. natalensis ATCC 27448.  

6.1.2.2 Pimaricin production 

To assess the implications of the absence of KatA1 over secondary metabolism 

in submerged cultures, the CAM.05 (ΔkatA1) pimaricin production profile was 

determined at 72 h (Fig.6.6). The results showed that CAM.05 (ΔkatA1) behaves as a 

pimaricin overproducer (156 % of the WT).  

In addition, it was also addressed the effect of exogenous H2O2 over CAM.05 

(ΔkatA1) pimaricin production. H2O2 at a final concentration of 1 mM was added to WT 

and CAM.05 (ΔkatA1) cultures at RG2 phase and pimaricin content was measured at 

S/NP phase. The addition of H2O2 did not change significantly the pimaricin content of 

the WT, whereas in CAM.05 (ΔkatA1) it led to a 30 % increase in the final pimaricin 

specific production, when compared with the non-treated cultures.  

 

 

Fig.6.6 - CAM.05 (ΔkatA1) pimaricin production 

profile. Pimaricin specific production from samples 

harvested at 72 h (S/NP) in WT and CAM.05 

(ΔkatA1) cultures non-treated (-) and treated with 

H2O2 1 mM (+) at RG2 phase. Pimaricin specific 

production was expressed as percentage of the 

control: WT non-treated cultures. Results (average 

of triplicates and standard deviation) are 

representative of three independent experiments. 

The different comparisons were assessed by 

independent t-test. *, (P<0.01). 

6.1.3 Gene complementation 

 The inability of CAM.05 (ΔkatA1) to sporulate in solid media hampered the 

strain manipulation, in particular the gene complementation process. 

6.2 Overexpression of katA1 – S. natalensis CAM.06 (catR) 

 To overexpress katA1 it was decided to delete the gene coding for its 

transcription repressor CatR.  
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6.2.1 S. natalensis CAM.06 (catR) - a CatR defective strain 

 Gene deletion of catR in S. natalensis was performed applying the Redirect 

technology (Fig.6.7).  

 

Fig.6.7 Construction of strain CAM.06 (catR) by gene replacement of catR. (A) Predicted restriction enzyme 

polymorphism caused by gene replacement. The Nco I-Xba I restriction pattern before and after replacement is shown. 

The probe used for Southern hybridisation is indicated by thick lines. N, Nco I; X, Xba I. (B) Confirmation of gene 

disruption by PCR. Primers C_catR_F and C_catR_R targeting catR flanking regions were used to identify double 

crossover mutants. Lane 1 - WT , lane 2 - CAM.06 (catR) and lane L – GeneRuller 
TM

. (C) Confirmation of gene 

disruption by Southern blot hybridisation of the Nco I-Xba I digested chromosomal DNA. Lane 1 - WT, lane 2 - CAM.06 

(catR) and lane L - DIG-labelled DNA Molecular Weight Marker II (Roche).   

 

 The resistance cassette aac(3)IV-oriT was amplified with the primers M_catR_F 

and M_catR_R (Table 2.3) and used to replace the catR locus in cosmid A1 was 

replaced by aac(3)IV-oriT, originating cosmid catR::aac(3)IV-oriT. The derivative 
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cosmid was then transformed into E. coli ET12567 (pUZ8002) and transferred to S. 

natalensis ATCC 27448 by intergeneric conjugation [272]. The isolated exconjugants 

were screened for apramycin resistance and kanamycin sensitivity. Double 

recombination was confirmed by PCR using the primers C_catR_F and C_catR_R 

(Table 2.3) (Fig.6.7A) and by Southern blotting hybridisation using a 2.43 kb NcoI 

fragment as probe (Fig.6.7B). The results were in accordance with the predicted 

profiles and confirmed the double recombination. The newly generated strain was 

named S. natalensis CAM.06 (catR::aac(3)IV-oriT), which will be hereafter referred as 

CAM.06 (catR). 

6.2.1.1 Characterisation in solid media 

 CAM.06 (ΔcatR) was grown in TBO, R5, YED, MYM and Hopwood minimal 

media (MM) (section 2.2) to screen for morphological development impaired 

phenotypes. This mutant strain presented a growth arrest at vegetative mycellium in all 

the tested media with only scarce aerial mycelium formation in TBO media (Fig.6.8).  

 

Fig.6.8 - Morphological development CAM.06 (ΔcatR) in different solid media. TBO, R5, MYM, YED and Hopwood 

minimal media (MM) were used S. natalensis strains. In each plate 3 x 10
8
 spores from WT and CAM.06 (ΔcatR) 

mycelia were inoculated. The plates were incubated for 8 days at 30 ºC. 
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 CAM.06 (ΔcatR) catalase specific activity assessed spectrophotometrically and 

the native-PAGE catalase activity profile were determined in samples from vegetative 

mycelium collected along 8 days of growth (Fig.6.9). 

 The results showed that catalase activity levels in CAM.06 (ΔcatR) were 

constitutively higher than in the WT (Fig.6.9A). The native-PAGE catalase activity 

profile showed a fast-migrating band with faint intensity firstly detected at day 4 and a 

band corresponding to KatA1 with a striking elevated intensity (Fig.6.9B). KatA1 activity 

may have masked the closely migrating band that is detectable in the WT profile. This 

outcome confirmed that the deletion of catR in S. natalensis ATCC 27448 led to a 

constitutive induction of catalase activity. 

 

 

 

Fig.6.9 - Catalase activity profile of CAM.06 (ΔcatR) in solid media. Catalase specific activity was measured 

spectrophotometrically in WT and CAM.06 (ΔcatR) protein extracts.  Results (average of triplicates and standard 

deviation) are representative of three independent experiments. The differences between the catalase specific activity 

from WT and CAM.05 (ΔcatR) at each time point were assessed by independent t-test. *, (P<0.01).  (B) Native PAGE 

with catalase activity staining (50 g of protein extract per lane). Arrows indicate catalase activity bands. Samples were 

collected from vegetative mycelium (days 2 and 3), aerial mycelium (days 4 and 5) and sporulated aerial mycelium 

(days 7 and 8).  
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6.2.1.2 Characterization in submerged cultures 

The inability of CAM.06 (ΔcatR) to sporulate posed the same laboratorial 

manipulation problems already described for CAM.05 (ΔkatA1), namely the 

impossibility to compare its growth kinetics with the WT.  

CAM.06 (ΔcatR) catalase specific activity measured spectrophotometrically and 

the native-PAGE catalase activity profile were determined along growth curve 

(Fig.6.10). The registered values for CAM.06 (ΔcatR) revealed constitutively elevated 

catalase specific activity levels, when compared wit the WT (Fig.6.10A). The CAM.06 

(ΔcatR) native-PAGE catalase activity profile presented high catalase activity due to 

the overexpression of KatA1 (Fig.6.10B).  

 

 

 

 

 

Fig.6.10 - Catalase activity 

profile of CAM.06 (ΔcatR) in 

submerged cultures. (A) 

Catalase specific activity of WT 

and CAM.06 (ΔcatR). Results 

(average of triplicates and 

standard deviation) are 

representative of three 

independent experiments. 

Differences between WT and 

CAM.06 (ΔcatR) were assessed 

by independent t-test.*, (P<0.01). 

(B) Catalase activity native-PAGE 

profile of WT and CAM.06 

(ΔcatR) (50 g of protein extract 

per lane). Arrows point catalase 

activity bands. Samples were 

harvested at RG1, RG2, S/P and 

S/NP phases. 

 

To understand if the constitutively elevated catalase activity present in CAM.06 

(ΔcatR) affected secondary metabolism, pimaricin specific production at 72 h was 

determined in WT and CAM.06 (ΔcatR) cultures (Fig.6.11). The final pimaricin specific 

production of CAM.06 (ΔcatR) revealed a pimaricin underproducing phenotype (10 % 

of the WT). 

  

 
 



FCUP 
6 Results and discussion. Functional characterisation of KatA1 from S. natalensis ATCC 27448 

147 

 
 

 

 

Fig.6.11 - CAM.06 (ΔcatR) pimaricin production profile. Samples 

from WT and CAM.06 (ΔcatR) cultures were collected at 72 h 

(S/NP). Pimaricin production was expressed as percentage of 

control: WT cultures. Results (average of triplicates and standard 

deviation) are representative of 3 independent experiments. The 

difference between WT and CAM.06 (ΔcatR) was assessed by 

independent t-test. *, P<0.01). 

 

Although it was not possible to measure CAM.06 (ΔcatR) H2O2 intracellular 

levels in a reproducible way, it is very likely that the constitutive overexpression of 

KatA1 led to decreased intracellular H2O2 concentration. Hence, the physiological 

characterisation of CAM.06 (ΔcatR) provides further indications in favour of a positive 

correlation between H2O2 intracellular concentration and pimaricin production.   

6.3 Discussion 

 The lack of KatA1 in CAM.05 (katA1) suggested a compensatory effect by 

other catalases to face the predicted increase in H2O2 intracellular levels. However, 

even though additional catalases were expressed in CAM.05 (katA1), overall catalase 

activity was not restored to the WT levels (Fig.6.3 and Fig.6.4). The role of the 

additional catalases that apparently are not responsive to H2O2 remains intriguing. 

Interestingly, it was previously observed the overexpression of a monofunctional 

catalase (homologous to S. coelicolor KatA3) in S. natalensis pimM (Beites et al., 

unpublished results), a pimaricin non-producing strain [147].   

 Overexpression of katA1 in S. natalensis was attempted without success. The 

difficulty experienced in obtaining an exconjugant overexpressing katA1 led us to 

design an alternative approach – the deletion of transcriptional repressor of katA1, the 

Fur-like protein CatR. Indeed, CAM.06 (catR) presented constitutively high catalase 

specific activity in comparison with the WT in both solid and submerged cultures, due 

to the overexpression of KatA1 (Fig.6.9 and Fig.6.10). This effect was also observed 

with the functional inactivation of CatR in S. coelicolor [9].  

 Characterisation of CAM.05 (katA1) and CAM.06 (catR) strains showed that 

together with AhpCD (Chapter 5), KatA1 plays a key role regarding H2O2 detoxification 

in S. natalensis ATCC 27448. Moreover, it was also shown that KatA1 is the main 

contributor to the overall catalase specific activity under the conditions tested.   
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 Regarding morphological development both strains CAM.05 (katA1) and 

CAM.06 (catR) presented a bald phenotype in solid medium (Fig.6.2 and Fig.6.8). 

This phenotype suggested a role of catalase activity and/or H2O2 intracellular levels in 

the S. natalensis development program. In the case of CAM.06 (catR) strain it can 

also be suggested a role of CatR in the development program. Bearing in mind that 

PerR controls the transcription of several genes in B. subtilis [229], it is possible that 

CatR targets are not confined to katA1 in S. natalensis and that some of those genes 

are associated with the development program. 

 Impairment in growth of both strains hampered their laboratory manipulation, 

namely the determination of intracellular H2O2 levels. However, based on the results 

from previous characterisations (Chapters 3, 4 and 5), one can safely assume that 

CAM.05 (katA1) presented increased levels and CAM.06 (catR) lower levels of 

intracellular H2O2 when compared to the WT. Considering this assumption, the same 

positive correlation of CAM.02 (sodF) and CAM.04 (ahpCD) was observed between 

the intracellular H2O2 levels and pimaricin production: CAM.05 (katA1) has an 

overproducing phenotype and CAM.06 (catR) an underproducing phenotype (Fig.6.6 

and Fig.6.11). Moreover the addition of exogenous H2O2 to the culture broth of CAM.05 

(katA1) further enhanced pimaricin production as it occurred in CAM.04 (ahpCD) 

strain (Chapter 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 Results and discussion.  

Transcriptomic analysis of                   

CAM.02 (sodF) and CAM.04 (ahpCD)                                   
by interspecies microarray 
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7.1 Experimental design 

As it was previously described in Chapters 4, 5 and 6, S. natalensis mutant 

strains showed different phenotypic traits regarding pimaricin biosynthesis, oxidative 

stress response and morphological differentiation. In fact, it was established a positive 

correlation between H2O2 intracellular levels and pimaricin production. Hence, to further 

understand the metabolic pathways that lie behind this crosstalk, the transcriptomes of 

CAM.02 (sodF), CAM.04 (ahpCD) and the WT were analysed through an 

interspecies two-color cDNA microarray. The bald phenotype displayed by CAM.05 

(katA1) and CAM.06 (catR) greatly hampered the reproducibility of their growth 

kinetics, which justified the exclusion of these mutant strains from the experimental 

design.  

The interspecies microarray has proven to be a successful strategy for the 

study of non-sequenced strains transcriptomes [326]. Thus, since S. natalensis ATCC 

27448 genome was not available, the microarray chip was customised in order to 

include probes covering the genome of the closely related strain S. avermitilis MA-4680 

(SAV probes) [20, 260] (GenBank accession number: NC_003155). The microarray 

chip also contained probes for S. natalensis ATCC 27448 genes whose sequences 

were publically available (SNA probes), namely the pimaricin biosynthetic gene cluster 

(GenBank accession numbers: AJ278573, AJ585085, AM493721 and FM864219) [22, 

23, 147-149], the genes present in the plasmid pSNA1 (GenBank accession number: 

AJ243257) [150], the phosphate metabolism related genes phoU, phoP and phoR 

(GenBank accession number: AM176576) [130] and the quorum sensing related genes 

sngR, sngA and sngB (GenBank accession number: AY919297) [151, 152]. Moreover, 

it was incorporated a third group of probes for other sequenced polyene biosynthetic 

gene clusters (Polyene probes), namely rimocidin from S.diastaticus (GenBank 

accession number: AY442225) [287], amphotericin from S. nodosus (GenBank 

accession number: AY636001) [288], nystatin from S. noursei (GenBank accession 

number: AF263912) [289] and FR-008 from Streptomyces sp FR-008 (GenBank 

accession number: AY310323) [290]. Finally, the microarray chip also contained a set 

of tiled probes (overlapping probes) that covered the entire pimaricin biosynthetic gene 

cluster, including the intergenic regions (Tiled probes).   

 In a two-colour microarray with a direct design, the fluorescence of two 

samples labelled with different dyes is directly compared after hybridisation. However, 

for the analysis of CAM.02 (sodF) and CAM.04 (ahpCD) a different method was 

used – the two-colour microarray with common reference design [327]. In a two-colour 
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microarray with common reference design, each chip is hybridised with a cDNA sample 

and a common reference that in this case was S. natalensis ATCC 27448 genomic 

DNA, labelled with different dyes. This method has as main advantages the possibility 

of comparing data from different chips, as well as the inclusion of posterior 

hybridisation results. The main disadvantage of this design is the fact that comparisons 

between samples are indirect, which confers additional variability. Other disadvantage 

is the possibility of hybridisation of the genomic DNA with the cDNA sample, which may 

also influence the outcome [328]. Nevertheless, the reference design has been applied 

in transcriptomic studies of Actinobacteria with success [293, 329].     

The linear model used in this experiment comprehended the comparison 

between WT (A) and mutant strains CAM.02 (sodF) (B) and CAM.04 (ahpCD) (C), 

as well as the comparison between the mutants (Fig.7.1) [294, 296].  

 

  

  

 

Fig.7.1 - Linear model used in the 

statistical analysis of the microarray 

data. The selected contrasts included 

CAM.02 (sodF) (B) vs WT (A) B-A, 

CAM.04 (ahpCD) (C) vs WT (A) C-A and 

CAM.04 (ahpCD) (C) vs CAM.02 (sodF) 

(B) C-B. The same linear model was applied 

for both time points RG2 and S/P. 

 

 S. natalensis strains were grown in the complex liquid media YEME. Mycelium 

samples for RNA extraction were harvested at RG2 phase and S/P phase. These time 

points were selected in order to assess the transcriptomic changes that occur in the 

mutants during the period at which pimaricin is being produced. Genomic DNA of the 

WT was isolated from cultures grown until stationary phase and used as the common 

reference. The previously described linear model was applied to both time points. The 

microarray experimental design included biological triplicates for each situation (strain/ 

time point). 

7.2 Statistical analysis of the microarray data 

To identify the differentially expressed genes (DEG) present in the comparisons 

contemplated in the linear model, a statistical analysis was performed using the ‘R’ 
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software package LIMMA (Section 2.11) [294, 296]. From this point forward, and in 

consonance with LIMMA terminology, the comparisons between transcriptomes will be 

referred as contrasts.  

In the LIMMA final outcome, each contrast is associated with a matrix 

presenting in the rows the probe identification and in the columns a series of numerical 

values, namely: the log2FC that represents the logarithmic fold change of the probe 

intensity for a certain contrast, the A-value that is relative to the overall spot intensity, 

the p-value that shows the statistical significance and the adj. p-value that corresponds 

to the multiple test adjustment, i.e. the false discovery rate (FDR). 

The subset of probes of interest was selected based on the fold change, using a 

threshold of 2-fold increase or decrease (1 or -1 in the logarithmic scale) and the 

statistical significance by the adjusted p-value, using a significance level of p<0.05. 

However, the adjusted-p value criterion led to a reduced number, or even the absence 

in some contrasts, of probes with statistical significant differences (SSD). The 

heterologous probes present in the customised microarray chips led to an increased 

overall variability, which biased the FDR results.  Therefore, it was decided to broaden 

the statistical significance criterion by ordering microarray data through p-value, with a 

significance level of P<0.05. The usage of this criterion requires some caution in the 

analysis due to the increased probability of false positives.  

Venn diagrams were used to represent an overall view of the results in the 

different contrasts (Fig.7.2). At RG2 phase (Fig.7.2A) the contrast CAM.02 (sodF) vs 

WT (B-A) presented 943 probes with SSD (526 exclusive, 120 shared with C-A and 

235 shared with C-B), in the contrast CAM.04 (ahpCD) vs WT (C-A) 418 probes with 

SSD were detected (100 exclusive and 136 shared with C-B), the contrast comparing 

mutants CAM.04 (ahpCD) vs CAM.02 (sodF) (C-B) showed 543 probes with SSD 

(110 exclusive) and finally 62 probes with SSD were present in all the contrasts. At S/P 

phase (Fig.7.2B) the contrast CAM.02 (sodF) vs WT (B-A) presented 414 probes with 

SSD (68 exclusive, 276 shared with C-A and 32 shared with C-B), the contrast CAM.04 

(ahpCD) vs WT (C-A) presented 1555 probes with SSD (1230 exclusive and 11 

shared with C-B), in the contrast CAM.04 (ahpCD) vs CAM.02 (sodF) (C-B) 101 

probes with SSD were detected (20 exclusive) and 38 probes were found to be 

common to all contrasts. It is important to stress out that these numbers do not reflect 

the number of DEG, since for some genes there was more than one probe, e.g. the 

tiled probes. 
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Fig.7.2 - Representation of the differentially expressed probes by Venn diagrams. (A) Probes SSD at RG2 phase. 

(B) Probes SSD at S/P phase. The contrasts present in this diagram included CAM.02 (sodF) vs WT (B-A), CAM.04 

(ahpCD) vs WT (C-A) and CAM.04 (ahpCD) vs CAM.02 (sodF) (C-B). 

 

In Table 7.1 the probes with SSD were distributed according to their group of 

probes and transcription pattern. Regarding “SAV probes” at RG2 phase, the three 

contrasts presented a total of 536 probes SSD: 182 in CAM.02 (sodF) vs WT, 134 in 

CAM.04 (ahpCD) vs WT and 220 in CAM.04 (ahpCD) vs CAM.02 (sodF). At S/P 

phase the contrasts presented a total number of 158 probes SSD: 84 in CAM.02 

(sodF) vs WT, 29 in CAM.04 (ahpCD) vs WT and 45 in CAM.04 (ahpCD) vs 

CAM.02 (sodF). This indicated that the effects derived from the deletion of these 

antioxidant defences over the cell metabolism were more prominent at exponential 

phase.  

The analysis of “Tiled probes” group showed that in the CAM.02 (sodF) vs WT 

contrast, probes with SSD were all down-regulated at RG2 phase (733 probes) and up-

regulated (319 probes) at S/P phase. The transcription pattern of this group of probes 

in the contrast CAM.04 (ahpCD) vs WT at RG2 phase revealed the presence of 148 

probes with SSD down-regulated and 118 up-regulated, while at S/P phase all probes 

with SSD were found to be up-regulated (1508 probes). Concerning the CAM.04 

(ahpCD) vs CAM.02 (sodF) contrast, probes with SSD were mostly up-regulated at 

RG2 phase (295 probes up-regulated and 1 probe down-regulated), whilst at S/P 

phase the detected probes with SSD were mainly down-regulated (44 down-regulated 

and 7 up-regulated). These results suggested that in both mutants the transcription of 

the pimaricin biosynthetic gene cluster was more active in the stationary phase when 

compared with the WT, presenting an opposite behaviour at exponential phase. The 

probes with SSD found in the groups “SNA” (mostly composed by probes for the 
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pimaricin biosynthetic gene cluster) and “Polyene probes” followed the same tendency 

verified for the “Tiled probes” 

Table 7.1 - Transcription profile of the groups of probes in the different contrasts.  

 
Contrast 

SAV 

probes 

SNA 

probes 

Tiled  

 probes 

Polyene 

probes 

  Up Down Up Down Up Down Up Down 

R
G

2
 

CAM.02 vs WT 98 84 1 12 0 733 1 11 

CAM.04 vs WT 91 43 7 0 118 148 1 2 

CAM.04 vs CAM.02  129 91 12 0 295 1 4 1 

S/
P

 

CAM.02 vs WT 55 29 3 0 319 0 4 1 

CAM.04 vs WT 11 18 8 0 1508 0 10 0 

CAM.04 vs CAM.02  14 31 0 1 7 44 0 3 

 

In the following sections it will be discussed in more detail the groups “SAV 

probes” (Chapter 7.2.1) and “SNA probes” (Section 7.2.2), including the “Tiled probes” 

(Section 7.2.2). The entire list of probes with SSD is provided in the support CD of this 

thesis. The tables listing the DEG discussed over the following sections are available in 

Annex II. 

7.2.1 S. avermitilis (SAV probes) 

 The results obtained with “SAV probes” will be divided according to a functional 

categorisation and discussed separately. Within the tables representing the different 

functional groups, DEG were organised first by their transcription patterns (up- or 

down-regulated) and second by their position in the chromosome (SAV code). The 

information relative to each gene was obtained from the S. avermitilis genome project 

(http://avermitilis.ls.kitasato-u.ac.jp) and the NCBI database 

(http://www.ncbi.nlm.nih.gov/nuccore/). It is worth notice that some of the DEG were 

included in more than one category, since some of the genes can be correlated with 

more than one cell function.  

 

 

 

 

 

http://avermitilis.ls.kitasato-u.ac.jp/
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7.2.1.1 Stress response 

The stress-related DEG found in the different contrasts are listed in Table S1. 

From this list of DEG it is worth noting the transcription profile of the major vegetative 

catalase encoding gene (katA1 – SAV3052), since it revealed to be overexpressed in 

CAM.02 (sodF) and CAM.04 (ahpCD) at RG2 phase and in CAM.02 (sodF) at S/P 

phase. Furthermore, at RG2 phase it was shown that the katA1 transcript levels were 

higher in CAM.04 (ahpCD) than in CAM.02 (sodF). These results were concordant 

with not only the catalase activity measurements, but also with the katA1 transcription 

profile assessed by RT-qPCR (Fig.4.6 and Fig.5.7).  

A DEG encoding other monofunctional catalase (katA3) was found to be up-

regulated in CAM.04 (ahpCD) at RG2 phase and in CAM.02 (sodF) at S/P phase. 

The regulation and function of clade 3 monofunctional catalases other than KatA1, like 

KatA3, is still largely uncomprehended. Nevertheless, preliminary proteomic data of the 

pimaricin non-producing strain S. natalensis pimM [147] showed augmented KatA3 

protein levels, suggesting that this protein may be an additional link between oxidative 

stress response and secondary metabolism (Beites, et al. unpublished results).   

The transcription of the heat-shock proteins encoding genes groeS1 (SAV4992) 

and groeL1 (SAV4991) was found to be up-regulated in CAM.02 (sodF) at S/P phase, 

when compared with WT. These proteins have a chaperone function and are induced 

by the heat-shock regulon, which is known to interplay with the response to other 

physiological stresses, such as oxidative stress [330, 331].  

The alkylhydroperoxidase system encoding genes (ahpCD SAV3233 and 

SAV3234) were identified as down-regulated DEG in CAM.04 (ahpCD) at both time 

points, which is concordant with the gene deletion process that originated this mutant 

strain. Regarding CAM.02 (sodF), sodF (SAV5413) was only found to be a down-

regulated DEG at S/P. The absence of sodF from the CAM.02 (sodF) set of DEG at 

RG2 phase is explainable through the fact that the overall intensity of the spot relative 

to this gene was relatively low (A=8.5), which is associated with high variability. 

7.2.1.2 Replication, transcription, translation and protein degradation  

The microarray data regarding the transcription and translation machinery and 

protein degradation are listed in Table S2. The results obtained for the contrast 

CAM.02 (sodF) vs WT at RG2 revealed 28 up-regulated DEG encoding ribosomal 

proteins (rpl, rpm and rps operons). In addition, several genes encoding proteins from 

the translation and transcription machinery were also overexpressed in this contrast. 
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This effect was already observed in Bradyrhizobium japonicus when subjected to O2
.-

stress [332]. The transcriptional profile of the genes belonging to the rpl, rpm and rps 

operons found as DEG in CAM.02 (sodF) showed a completely different behaviour in 

comparison with the WT and CAM.04 (ahpCD) (Fig.7.3). With a few exceptions, in the 

WT and in CAM.04 (ahpCD) this set of genes was more transcribed at stationary 

phase, whereas in CAM.02 (sodF) the opposite behaviour was observed.  

 

 

 

 

 

 

 

 

Fig.7.3 – Transcriptional profile of 

ribosomal genes (rpl, rpm and rpl 

operons). Microarray data included 

biological triplicates for each situation: 

strain/ time point. The values 

represented in the graphic correspond to 

the medians of the normalised M values 

obtained for each gene in a certain 

situation. 

7.2.1.3 Transcription regulators 

The group of DEG identified as putative transcriptional regulators in the different 

contrasts are listed in Table S3. It is important to highlight that some of the DEG 

included in this group will be discussed in other functional groups, namely the 

regulators involved in phosphate and glycerol metabolism. 

CAM.02 (sodF) microarray analysis revealed a different set of DEG, when 

compared with WT and CAM.04 (ahpCD). At RG2 phase, CAM.02 (sodF) presented 

two DEG encoding WhiB-like (Wbl) transcription regulators: wblC (SAV3070) that was 

overexpressed, when compared with WT and wblE (SAV3016), whose transcription 

was down-regulated when compared with CAM.04 (ahpCD). The Wbl family of 

transcription regulators is exclusive to Actinobacteria and its members are known by 

the ability to coordinate an iron-sulphur cluster and for being implicated in the 

development program [333, 334]. Thus, these proteins may mediate the integration of 

ROS based signalling in the development program and, perhaps, in secondary 

metabolism.  
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At RG2 phase, CAM.02 (sodF) showed a down-regulated DEG encoding an 

IlcR- family transcription regulator (sdrB – SAV5141). The deletion of the sdrB 

homologues in S. coelicolor and in S. ansochromogenes (samR) led to strains 

displaying an impaired development reflected either by a white or bald phenotype, 

respectively [335]. Given this transcriptomic data, one can hypothesize that this 

regulator may also be involved in ROS-based signalling pathways linking the redox 

status of the cell and the development program/ secondary metabolism. 

7.2.1.4 Carbon metabolism 

 Central carbon metabolism (CCM) can be defined as the network of metabolic 

pathways that allow the cell to metabolize carbon sources. The main CCM metabolic 

pathways active in Streptomyces are glycolysis, pentose phosphate pathway (PPP), 

gluconeogenesis and the tricarboxylic acid (TCA) cycle, including the glyoxylate shunt 

(for a detailed scheme of CCM see Fig.1.2).  

 S. natalensis mutant strains presented several DEG associated with CCM 

(Table S4). From the microarray analysis one can stress that in general CCM was 

transcriptionally induced in the mutant strains at both time points, especially in CAM.02 

(sodF). The regulation of CCM in streptomycetes is still poorly understood, including 

ROS-related signalling pathways. Nevertheless, some features were noticeable. For 

example, the transcription pattern of sdhA3/sdhAB3 (up-regulated) and sdhA2 (down-

regulated) genes in CAM.02 (sodF) at RG2 phase. The abovementioned sdh genes 

belong to different operons encoding succinate dehydrogenase. Thus these results 

indicate that distinct succinate dehydrogenase encoding operons are under different 

signalling pathways upon a redox unbalance. Another interesting feature was the 

overexpression of the malate synthase (glyoxylate shunt) encoding gene aceB in 

CAM.02 (sodF) at RG2 phase. The glyoxylate shunt was associated with O2
.- stress in 

E. coli [78]. In fact, the generation of O2
.- stress led to a diminished carbon flux through 

the TCA cycle and an increase in the glyoxylate shunt [78].    

 Regarding the carbon flux through glycolysis or PPP, the transcriptomic data did 

not retrieve a distinct pattern. To assess if carbon flux was altered in the mutants 

CAM.02 (sodF) and CAM.04 (ahpCD), the activities of the glycolysis enzyme 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the PPP enzyme glucose 

6-phosphate dehydrogenase (G6PDH) were determined at RG1, RG2 and S/P phases 

(Fig.7.4).  

  



FCUP 
7 Results and discussion.  

Transcriptomic analysis of CAM.02 (sodF) and CAM.04 (ahpCD) by interspecies mycroarray 

159 

 

 

Fig.7.4 - Enzymatic activities of (A) GAPDH and (B) G6PDH in WT, CAM.02 (sodF) and CAM.04 (ahpCD) 

protein samples.  Mycelium samples were collected at the growth phases RG1, RG2 and S/P phases. Results 

(average of triplicates and standard deviation) are representative of three independent experiments. To assess the 

presence of significant differences between the strains at each time point, a one-way ANOVA was performed followed 

by post-hoc test (Tukey test; GraphPad Prism).*, (P<0.01). 

 

 At RG1 phase, GAPDH activity (Fig.7.4A) was not detected in CAM.02 (sodF), 

and it presented low levels in CAM.04 (ahpCD) (5-fold lower than the WT levels), 

inversely G6PDH activity was 2-fold higher in the mutants (Fig.7.4B). At this growth 

phase, the H2O2 intracellular levels were 3-fold higher in CAM.04 (ahpCD) than in the 

WT (Fig.5.8). Hence, this rise in H2O2 intracellular levels may have decisively 

contributed to the decrease in GAPDH activity. Regarding CAM.02 (sodF), although 

the H2O2 intracellular levels were lower than the WT (Fig.4.8), it is likely that this mutant 

presented high O2
.- intracellular levels. Given that GAPDH can also be inactivated by 

O2
.- [336], one can hypothesize that the elevated levels of O2

.- are in the basis of the 

virtual absence of GAPDH activity [59]. Hence, one can state that the inactivation of 

GAPDH by intracellular ROS led to a redirection of carbon flux through PPP, which was 

reflected in an increase in G6PDH activity.  

 During late exponential phase (RG2), the intracellular ROS levels were not 

sufficiently high to inactivate GAPDH. Instead an increase in GAPDH activity was 

registered in both mutants. In accordance with this, CAM.04 (ahpCD) H2O2 

intracellular levels were only 1.3-fold increased at this growth stage (Fig.5.8). 

Moreover, a GAPDH encoding gene was found to be overexpressed in CAM.02 

(sodF) at RG2 phase, which may at least partially explain the GAPDH activity profile 

of this mutant. Although GAPDH activity was no longer a limitative factor for glycolysis, 
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PPP was not repressed. In fact, G6PDH activity was still higher in the mutants than in 

the WT. 

 At S/P phase, the activities of GAPDH and G6PDH in the mutant strains were 

similar to the WT levels. CAM.04 (ahpCD) did not present any DEG related with 

glycolysis or PPP at S/P phase, which was concordant with the enzymatic activities. On 

the contrary, CAM.02 (sodF) microarray data revealed several up-regulated DEG of 

both glycolysis and PPP at S/P phase. Although these metabolic pathways seemed to 

be induced at the transcriptomic level, the measurement of GAPDH and G6PDH did 

not corroborate that induction.  

 Other carbon sources can be used by microorganisms in addition to glucose. 

Glycerol can be used as the sole carbon source by different bacteria, including 

Streptomyces [51, 337, 338]. In S. clavuligerus, glycerol elicits the production of 

clavulanic acid, since the degradation of glycerol provides precursor molecules to the 

synthesis of this compound [338]. The transcription of two genes from the glycerol 

utilisation operon (glpD1 - SAV6663, glpK1 SAV6664) and the gene encoding the 

regulator that controls the transcription of this operon (gylR - SAV6666) were found to 

be up-regulated in CAM.02 (sodF), when compared with WT and CAM.04 (ahpCD) 

at RG2 phase. In streptomycetes, the glycerol utilisation operon encodes a glycerol 

uptake facilitator (glpF1), a glycerol-3-phosphate dehydrogenase (glpD1) and a 

glycerol kinase (glpK1) [10]. Immediately upstream it is located the gene that encodes 

for the transcriptional regulator GylR [10], which governs the transcription of the 

glycerol utilisation operon, as well as its own encoding gene [337, 338]. According to 

studies performed in S. coelicolor, GylR is activated by glycerol and repressed by 

carbon catabolite repression [51, 338]. Thus, the overexpression of the glycerol 

utilisation operon in CAM.02 (sodF) at RG2 phase indicates that this mutant was 

either accumulating glycerol and/or carbon catabolite repression was not being 

induced. Results obtained in yeast showed that the deletion of genes encoding proteins 

involved in glycerol biosynthesis led to an increased sensitivity to oxidative stress [339]. 

Moreover, an increase in glycerol biosynthesis may be a response to oxidative stress 

response, since glycerol can be converted to dihydroxyacetone (by glycerol 

dehydrogenase) or glyceraldehyde (by glyceraldehyde reductase) with formation of the 

reducing agent NADPH [340]. Therefore, one can suggest that CAM.02 (sodF) 

accumulated glycerol during exponential phase in an effort to cope with oxidative 

stress.  
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 The behaviour of the glycerol utilisation operon transcription between time 

points is represented in Fig.7.5. In the graphic, each point corresponds to the median 

of the normalised M values obtained for each gene in the biological triplicates. The 

levels of transcripts of the glycerol utilisation genes showed an increase in WT and 

CAM.04 (ahpCD) from RG2 into S/P, whereas in CAM.02 (sodF) the transcription of 

these genes revealed the opposite tendency, converging to the WT at S/P.  

 

 

 

 

 

 

 

 

Fig.7.5 - Transcriptional profile of 

the glycerol utilisation operon. 

Microarray data included biological 

triplicates for each situation: strain/ 

time point. The values represented 

in the graphic correspond to the 

medians of the normalised M values 

obtained for each gene in a certain 

situation. 

 

 The gene glpF1 was not identified as DEG in the microarray statistical analysis. 

Nevertheless, its transcription pattern was similar to the other glycerol genes of the 

operon, with the exception of WT. The glpF1 A-value was lower than the one obtained 

for the other members of the operon: 11.7 for glpD1, 11.2 for glpk1 and 7.6 for glpF1. 

The variability normally associated with probes retrieving a poor signal does not allow 

an accurate analysis. 

 Mannose is of great importance for bacteria, since it is a precursor for structural 

carbohydrates. Besides this function, mannose can also be used in other metabolic 

processes, such as the functionalisation of polyene macrolides [162]. Regarding the 

microarray results, a gene encoding the mannose metabolism enzyme 

phosphomannomutase (pmmB - SAV3343) was overexpressed in CAM.02 (sodF), 

when compared with the WT and CAM.04 (ahpCD) at RG2 phase. The transcription 

of another mannose metabolism related gene that codes for a mannose-6-phophate 

isomerase (manA - SAV5051) was found to be up-regulated in CAM.04 (ahpCD) at 

RG2 phase, when compared with both the WT and CAM.02 (sodF). Additionally, in 
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the contrast CAM.02 (sodF) vs WT at S/P phase, manA was identified as an 

overexpressed gene.  

 Phosphomannomutase (PmmB) transforms mannose-6-phosphate into 

mannose-1-phosphate. The deletion of the pmmB homologue in S. coelicolor A3(2) led 

to the overproduction of actinorhodin, suggesting that the activity of PmmB may exert a 

negative influence over the production of secondary metabolites [341]. On the other 

hand, mannose-6-phophate isomerase (ManA) is responsible for the isomerisation of 

fructose-6-phosphate into mannose-6-phosphate. Recently it was shown that the 

deletion of manA in S. coelicolor A3(2) resulted in a strain lacking antibiotic production 

and displaying a bald phenotype, which indicated that ManA is needed for a proper 

morphogenesis and secondary metabolism [342]. Interestingly, at RG2 phase it was 

observed that pmmB was overexpressed in the pimaricin underproducing strain 

CAM.02 (sodF) and manA was overexpressed in the pimaricin overproducing strain 

CAM.04 (ahpCD) at RG2 phase.  

7.2.1.5 Respiratory chain and energy production 

 Microarray analysis revealed several DEG associated with respiratory chain and 

energy production (Table S5). The transcription of the genes encoding several 

respiratory chain complex I (NADH dehydrogenase) components (nuoA1-M1 operon), 

were identified as down-regulated in CAM.02 (sodF) at RG2 phase, when compared 

with the WT and CAM.04 (ahpCD). In Fig.7.6 it can be observed that the 

transcriptional profile of nuoA1-M1 genes in CAM.02 (sodF) is completely different 

from CAM.04 (ahpCD) and WT, being evident the transcription repression at RG2 

phase.  A gene from other respiratory chain complex I encoding operon (nuoM2 – 

SAV4889) was identified as a down-regulated DEG in both mutants 
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Fig.7.6 - Transcriptional profile of 

genes from the nuoA1-M1 operon. 

Microarray data included biological 

triplicates for each situation: strain/ 

time point. The values represented in 

the graphic correspond to the 

medians of the normalised Mg 

values obtained for each gene in a 

certain situation. 

 

 The nuoA1-M1 operon is regulated by the NADH/NAD+ sensor Rex in S. 

coelicolor [343]. This transcriptional regulator binds to the promoter region of its targets 

upon a low NADH/NAD+ intracellular ratio, blocking transcription [343]. Hence, given 

that TCA cycle is the major NADH producer, the down-regulation of the nuoA1-M1 

operon transcription in CAM.02 (sodF) pointed out to an impaired TCA cycle. This 

was in agreement with the transcription pattern of the glyoxylate shunt encoding gene 

discussed in Chapter 7.2.1.4. To test this hypothesis the specific activity of aconitase 

was determined in the S. natalensis strains at RG1, RG2 and S/P phases (Fig.7.7). 

This enzyme catalyses the second step of TCA cycle and coordinates an iron-sulfur 

cluster, which is a primary target for O2
.- oxidation [344]. The obtained results showed 

that aconitase activity levels were significantly lower in CAM.02 (sodF) at all the 

tested time points, especially at RG1 phase, when compared with the WT. In turn, 

CAM.04 (ahpCD) presented similar levels to the wild-type. This data confirmed that 

TCA cycle was being impaired in CAM.02 (sodF) at least in the step catalysed by 

aconitase. 
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Fig.7.7 - Enzymatic activity of 

aconitase in WT, CAM.02 (sodF) 

and CAM.04 (ahpCD) protein 

samples.  Mycelium samples were 

collected at the growth phases RG1, 

RG2 and S/P phases. Results 

(average of triplicates and standard 

deviation) are representative of three 

independent experiments. To assess 

the presence of significant 

differences at each time point, a one-

way ANOVA was performed followed 

by post-hoc test (Tukey test; 

GraphPad Prism).*, (P<0.01). 

 

 Also at RG2 phase, genes encoding components of the respiratory chain 

complex II succinate dehydrogenase (sdhA3 - SAV7308 and sdhB3 - SAV7309) and 

complex III cytochrome b subunit (qcrB - SAV6055) were overexpressed in CAM.02 

(sodF), when compared with the WT and CAM.04 (ahpCD). Moreover, the 

transcription of a citochrome C biogenesis protein (resB - SAV4800) was also up-

regulated in CAM.02 (sodF) at RG2 phase. The overexpression of the respiratory 

chain complex II and III genes may be an adaptive mechanism to regularise the 

respiratory function, due to the shut-down of complex I and the impairment in the TCA 

cycle. 

 Concerning ATP synthesis, two up-regulated DEG encoding ATP synthase 

components (atpD - SAV2881 and atpG SAV2882) were identified in the CAM.02 

(sodF) vs WT contrast at RG2 phase. This response may also be regarded as an 

attempt to compensate a deficient respiratory chain and consequently a deficient ATP 

generation. 

 At S/P phase, CAM.02 (sodF) also presented DEG related with the respiratory 

chain: a member of the nuoA1-N1 operon (nuoH1 – SAV4844) was down-regulated, 

whereas a succinate dehydrogenase component encoding gene (sdhA1 – SAV3397) 

and the complex III related gene (qcrB - SAV6055) were overexpressed. This profile 

suggested that, although attenuated, the constraints observed in CAM.02 (sodF) at 

RG2 phase were still present at stationary phase. In fact, this was corroborated by the 

decreased aconitase specific activity observed in CAM.02 (sodF) at S/P phase. 

CAM.04 (ahpCD) did not present any DEG associated with respiratory chain and 

energy production at this growth phase. 
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7.2.1.6 Lipid metabolism 

 In what it concerns to lipid metabolism, the most interesting result was the 

identification of an acetyl/propionyl CoA carboxilase encoding gene (accD1) as DEG 

(Table S6). This enzyme catalyses the reversible conversions of acetyl-CoA into 

malonyl-CoA and propionyl-CoA into methylmalonyl-CoA, being the first committed 

step towards the biosynthesis of fatty acids and polyketide compounds [345]. In 

CAM.02 (sodF), the transcription of accD1 was up-regulated at RG2 phase, when 

compared with both WT and CAM.04 (ahpCD), whereas at S/P phase it was down-

regulated, comparing with the WT. Regarding CAM.04 (ahpCD), the transcript levels 

of accD1 revealed to be down-regulated in comparison with WT at S/P phase. Thus, 

the transcription pattern of accD1 in CAM.04 (ahpCD) seemed to make no 

contribution to its pimaricin overproducing phenotype. Regarding CAM.02 (sodF), only 

the down-regulation of the accD1 transcript levels at S/P phase could be related with its 

underproducing phenotype. Nevertheless, it is interesting to notice that a key step for 

polyketide biosynthesis is transcriptionally responsive to a redox unbalance.  

7.2.1.7 Amino acid metabolism 

Several amino acids metabolism related genes were found to be differently 

expressed in the S. natalensis mutant strains (Table S7). Branched-chain amino acids 

(BCAA) catabolism provides precursors for polyketide biosynthesis [102, 103] and thus 

it was interesting to notice that the mutant strains displayed opposite behaviours 

regarding both BCAA biosynthesis and catabolism at RG2 phase. In CAM.02 (sodF), 

DEG associated with BCAA synthesis (ilvB1 - SAV2733, leuC - SAV2686 and leuA2 

SAV5601) and degradation (bkdA - SAV4362, bkdB - SAV 4363 and bkdC - SAV4364) 

were downregulated. Inversely, in CAM.04 (ahpCD), DEG encoding BCAA 

biosynthesis proteins (ilvN – SAV2732, ilvB1 - SAV2733, leuC - SAV2686 and leuA2 

SAV5601) and catabolic proteins (bkdA - SAV4362, bkdB - SAV 4363 and bkdC - 

SAV4364) were overexpressed. The temporal behaviour of the expression of these 

genes (Fig.7.8) depicted the differences observed at RG2 phase and showed a 

convergence to the WT levels at S/P phase. 
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Fig.7.8 - Transcriptional profile of BCAA 

metabolism genes. Microarray data 

included biological triplicates for each 

situation: strain/ time point. The values 

represented in the graphic correspond to the 

medians of the normalised M values 

obtained for each gene in a certain situation. 

 

To assess if the catabolism of BCAA was effectively altered in the mutants, the 

valine dehydrogenase (VDH) activity was measured at RG1, RG2 and S/P phases 

(Fig.7.9). This protein catalyses the first step of the BCAA degradation pathway and its 

activity was shown to be induced by the availability of BCAA [346].  

 

Fig.7.9 - Enzymatic activity of 

valine dehydrogenase in WT, 

CAM.02 (sodF) and CAM.04 

(ahpCD) protein samples.  

Mycelium samples were collected at 

the growth phases RG1, RG2 and 

S/P phases. Results (average of 

triplicates and standard deviation) 

are representative of three 

independent experiments. To assess 

the presence of significant 

differences at each time point, a 

one-way ANOVA was performed 

followed by post-hoc test (Tukey 

test; GraphPad Prism).*, (P<0.01). 

 

During exponential phase the VDH specific activity was decreased in CAM.02 

(sodF) and augmented in CAM.04 (ahpCD), especially at RG1 phase, whereas at 

S/P phase no significant changes were observed. These results were in agreement 

with the transcriptomic results, showing, at the enzymatic level, that the BCAA 
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catabolic pathway was induced in CAM.04 (ahpCD) and repressed in CAM.02 

(sodF).  

To further understand the importance of BCAA to pimaricin biosynthesis, S. 

natalensis strains were grown in media supplemented with isoleucine, leucine and 

valine at an individual final concentration of 1 mM (BCAA 3 mM) and 5 mM (BCAA 15 

mM) and pimaricin yields were determined at 72 h (Fig.7.10). The effect of BCAA in the 

WT and CAM.04 (ahpCD) resulted in a decrease of pimaricin production (ca. 20 %), 

whereas in CAM.02(sodF) a 70 % increase in pimaricin production was observed. No 

concentration-dependent effect was registered, since BCAA 3 mM and 15 mM led to 

the similar outcomes in all strains. These results suggest that the BCAA concentration 

in YEME medium is limitative for pimaricin production in CAM.02 (sodF), but not in 

CAM.04 (ahpCD) or in the WT. 

 

 

Fig.7.10 - Effect of BCAA supplementation over pimaricin production. L-isoleucine, L-leucine and L-valine were 

added prior to inoculation in WT CAM.02 (sodF) and CAM.04 (ahpCD) cultures. Samples were collected at 72 h 

(S/NP). Pimaricin specific production is presented as percentage of control (WT grown in non-supplemented YEME). 

Results (average of triplicates and standard deviation) are representative of three independent experiments. To assess 

the presence of significant differences regarding BCAA supplementation within each strain, a one-way ANOVA was 

performed followed by post-hoc test (Tukey test; GraphPad Prism).*, (P<0.01). 

7.2.1.8 Phosphate metabolism 

 Phosphate limitation triggers a response mediated by the two-component 

system PhoRP (Pho regulon) and it is involved in the secondary metabolism onset in 

streptomycetes [115]. Furthermore, a link between phosphate metabolism and 

oxidative stress in Streptomyces was already demonstrated [135]. Hence, it was 

interesting to notice that both mutants presented DEG related with phosphate 
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metabolism (Table S8).  Indeed, CAM.02 (sodF) showed one downregulated DEG 

encoding a component of a phosphate ABC transporter (pstB - SAV4075) at RG2 

phase and four upregulated DEG at S/P phase encoding the sensor kinase of the two-

component system PhoRP (phoR - SAV3973), the modulator metalloprotein PhoU 

(phoU - SAV3974), a component of a phosphate ABC transporter (pstB - SAV4075) 

and a phosphatase (phoC – SAV5971). The mutant strain CAM.04 (ahpCD) 

presented five upregulated DEG at RG2 phase encoding the two-component system 

PhoRP (phoP - SAV3972 and phoR SAV3973), the modulator metalloprotein PhoU 

(phoU - SAV3974), the polyphosphate kinase Ppk (ppk - SAV4069) and a component 

of a phosphate ABC transporter (pstC - SAV4073). The same pattern was observed 

with the phoRP and phoU probes from SNA probes (section 7.2.2). All these genes are 

directly or indirectly (e.g. ppk) regulated by PhoP [136, 140, 293]. In accordance with 

this, the transcription behavior between time points showed that this set of genes is 

generally expressed in a coordinated manner, especially in the mutants (Fig.7.11). 

 

 

 

 

 

 

 

Fig.7.11 – Transcriptional profile 

of genes from the Pho regulon. 

Microarray data included biological 

triplicates for each situation: strain/ 

time point. The values represented 

in the graphic correspond to the 

medians of the normalised M 

values obtained for each gene in a 

certain situation 

 

 Given the transcriptomic results concerning the PHO regulon, one could 

hypothesize that the antioxidant mutants were consuming inorganic phosphate at 

different rates from the WT. To address this issue the inorganic phosphate content in 

the culture broth was measured along the growth of S. natalensis strains (Fig.7.12). 

The results showed that inorganic phosphate was consumed at a slower rate in the 

mutants (late exponential phase) than in the wild-type (mid-exponential phase). 

Curiously, CAM.02 (sodF) seemed to display a temporal lag between phosphate 
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depletion (RG2 phase) and the activation of the PHO-regulon (S/P phase). Knowing 

that phosphate limitation is an important trigger for secondary metabolism, a new 

question arose: was pimaricin production onset delayed in the mutants? In chapters 4 

and 5 it was already shown that pimaricin production was either delayed or impaired 

during late exponential phase in the mutants. The determination of pimaricin 

accumulation at the same points used to measure inorganic phosphate corroborated 

those results. Moreover, this experiment also confirmed that the onset of pimaricin 

production coincided with phosphate exhaustion in S. natalensis.  

 

Fig.7.12 - Inorganic phosphate consumption and pimaricin accumulation in WT, CAM.02 (sodF) and CAM.04 

(ahpCD) cultures. Samples were taken at different time points, corresponding to the different growth phases. 

Inorganic phosphate consumption is represented by dashed lines and pimaricin accumulation by straight lines. Results 

(average of triplicates and standard deviation) are representative of three independent experiments. 

7.2.2 S. natalensis probes (Tiled and SNA probes) 

The transcript levels of the pimaricin biosynthetic gene cluster (pim genes) were 

previously shown to constitute an important bottle-neck for pimaricin production in S. 

natalensis [147, 152]. The used customised microarray chips included two sets of 

probes for pim genes: “Tiled probes” and “SNA probes”.  

 The tiled probes covered the entire pimaricin biosynthetic gene cluster (93992 

bp), including the intergenic regions.  Each probe was 60 bp long and the overlapping 

region between contiguous probes was 30 bp. The analysis of the results obtained with 

tiled probes was centred in the overview of the gene cluster transcription pattern, more 
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than the fold change in the different contrasts. Thus, the results for a given contrast are 

represented in a graphic with the median position of the probe in the gene cluster in the 

‘x’ axis and the correspondent M value in the ‘y’ axis (Fig.7.13 and Fig.7.14). In 

addition, a new value corresponding to the average M value of all the “Tiled probes” in 

a given situation was introduced:  Mpim. This value provided a measure of the 

transcriptional activation of the pimaricin biosynthetic gene cluster. 

The first striking characteristic of the pimaricin biosynthesis gene cluster 

transcription pattern is the fact that the transcript levels of the genes located between 

pimK and pimD varied in a coordinated manner from RG2 into S/P phase in all strains. 

Interestingly, this coordinated behaviour accompanied the transcript levels of pimM, 

which makes sense since PimM targets are located between pimK and pimD, at the 

exception of the operon pimCGFS0 [165]. Nevertheless, pimAB, pimE and pimCGFS0 

seemed to display a divergent transcriptional behaviour. Although these genes 

accompanied the general tendency, their transcript levels were closer to the WT levels 

than the rest of the genes comprehended between pimK and pimD. This was 

particularly evident in the CAM.04 (ahpCD) vs WT contrasts (Fig.14). These genes 

are regulated directly (pimAB and pimE) or indirectly (pimCGFS0) by PimM. Hence, 

these results suggested the action of additional transcriptional regulator(s). Another 

interesting feature was the low transcript levels of pimR in all the samples. This 

pathway-specific regulator is indispensable for pimaricin production and recently it was 

described as being a positive transcription regulator of pimM [149, 174].  

Regarding the comparisons between strains, pim genes were found to be 

differently expressed in the mutant strains. According to the “Tiled probes” transcription 

profile, pim genes were downregulated in CAM.02 (sodF) at RG2 phase (Fig.7.13A) 

(Mpim = -1.91 in WT; Mpim = -3.29 in CAM.02 (sodF)) and upregulated at S/P phase 

(Fig.7.13B) (Mpim = -3.12 in WT; Mpim = -2.06 in CAM.02 (sodF)). In CAM.04 

(ahpCD) the transcription of the pimaricin biosynthetic gene cluster was 

downregulated at RG2 phase (Fig.7.14A) (Mpim= -1.91 in WT; Mpim = -2.34 in 

CAM.04 (ahpCD)) and upregulated at S/P phase (Fig.7.14B) (Mpim = -3.12 in WT; 

Mpim = -1.03 in CAM.04 (ahpCD)). From a time line point of view, the pim genes 

transcript levels showed a diminishment from RG2 into S/P phase in the WT, whereas 

in the antioxidant mutant strains the opposite tendency was observed.  
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Fig.7.13 - Transcriptional profile of the pimaricin biosynthetic gene cluster tiled probes in the WT and CAM.02 

(sodF). (A) M values and Mpim values at RG2 phase. (B) M values and Mpim values at S/P phase. The mutant strain 

CAM.02 (sodF) is represented in green dots and WT in black dots. The genes of the pimaricin biosynthetic gene 

cluster are delimitated by arrows and identified by their name (the prefix pim was not included). Genes are grouped by 

function: PKS (grey); regulation (dark blue); post-PKS modifications (red); export (yellow); other functions (light blue). 

Each dot corresponds to the median normalised M value of a tiled probe in the biological triplicates of a certain situation 

(strain/time point). The dashed horizontal lines correspond to the Mpim value in the biological triplicates of a given 

situation (strain/time point). The vertical lines delimitate regions of the gene cluster. 
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Fig.7.14 - Transcriptional profile of the pimaricin biosynthetic gene cluster tiled probes in the WT and CAM.04 

(ahpCD). (A) M values and Mpim values at RG2 phase. (B) M values and Mpim values at S/P phase. The mutant 

strain CAM.04 (ahpCD) is represented in yellow dots and WT in black dots. The genes of the pimaricin biosynthetic 

gene cluster are delimitated by arrows and identified by their name (the prefix pim was not included). Genes are 

grouped by function: PKS (grey); regulation (dark blue); post-PKS modifications (red); export (yellow); other functions 

(light blue). Each dot corresponds to the median normalised M value of a tiled probe in the biological triplicates of a 

certain situation (strain/time point). The dashed horizontal lines correspond to the Mpim value in the biological triplicates 

of a given situation (strain/time point). The vertical lines delimitate regions of the gene cluster. 
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Moreover, the comparison between mutants showed that the transcription of 

pim genes was lower in CAM.02 (sodF) than in CAM.04 (ahpCD) at both time 

points. Interestingly, the downregulation of pim genes transcription at RG2 phase in the 

mutant strains was in accordance with the delayed onset of pimaricin production and 

the slower consumption of inorganic phosphate (Fig.7.12) 

The DEG list obtained with the “SNA probes” is provided in annex (Table S9). 

Regarding pim genes, CAM.02 (sodF) showed nine downregulated DEG at RG2 

phase (pimM, pimA, pimB, pimE, pimS1, pimL, pimC, pimF and pimH), while at S/P 

phase one upregulated DEG (pimH) was identified. The mutant strain CAM.04 

(ahpCD) presented one upregulated DEG at RG2 phase (pimL) and six upregulated 

DEG at S/P phase (pimS2, pimS3, pimS4, pimI, pimJ and pimH). These results were 

consistent with the “Tiled probes” data. Nevertheless, one exception was noticeable: 

pimL was overexpressed in CAM.04 (ahpCD) at RG2 phase, while the other pim 

genes seemed to be downregulated, according to the “Tiled probes” results. The gene 

pimL encodes a L-amino acid ligase, but its role in pimaricin biosynthesis was not 

unveiled yet. The incongruence between “Tiled probes” and “SNA probes” results, 

especially regarding CAM.02 (sodF) at S/P phase and CAM.04 (ahpCD) at RG2 

phase, is due to the cut-off criteria used to identify DEG in “SNA probes”. 

  The -butyrolactones quorum sensing related genes sngA (-butyrolactone 

biosynthesis protein) and sngB (-butyrolactone autoregulator receptor protein) were 

identified as up-regulated DEG in the CAM.04 (ahpCD) vs CAM.02 (sodF) at RG2 

phase. SngA and SngR were implicated in pimaricin production in S. natalensis ATCC 

27448 through the modulation of the transcription of the pimaricin biosynthetic gene 

cluster [151, 152]. Nonetheless, the only quorum sensing molecule that has been 

isolated from S. natalensis ATCC 27448 culture broth is not related to -butyrolactones 

– the PI factor [298]. Thus, new knowledge is needed to fully understand the way of 

action of these proteins 

7.3 Confirmation of microarray data by RT-qPCR 

 To validate the microarray results, the transcription of some of the genes 

identified as DEG in the different contrasts was analysed by RT-qPCR. The selection of 

the set of genes used in this experimented was orientated by two criteria: up- and 

down-regulated genes from different contrasts and genes from different functional 

groups. Thus, the following set of genes was selected: glpD1, manA, nuoE, qcrB, leuS, 

katA1, katA3, pimM and pimS1. The correlation between normalised fold expression of 



174 FCUP 
7 Results and discussion.  

Transcriptomic analysis of CAM.02 (sodF) and CAM.04 (ahpCD) by interspecies mycroarray 

 

the selected genes in the microarray analysis and in RT-qPCR is represented in 

Fig.7.15.  

 

 

Fig.7.15 - Correlation between normalised fold expression in the microarray analysis and RT-qPCR. The genes 

glpD1, manA, nuoE, qcrB, leuS, katA1, katA3, pimM and pimS1 were identified as DEG and thus were used in the 

validation of microarray results by RT-qPCR. The genes identified as DEG in the contrast CAM.02 (sodF) vs WT at 

RG2 phase are represented by circles and the ones identified as DEG in the contrast CAM.04 (ahpCD) vs WT at RG2 

phase are represented as triangles. The mean normalised fold expression of the target genes was calculated relative to 

the transcription of the reference genes (16 S rRNA and lysA) and using. The log2 fold change was calculated using the 

WT transcript levels as the control situation. Results are representative of three independent experiments. The 

microarray log2 fold change for each gene was used in this plot. 

 

 The log2 values obtained in microarray ranged from -4.03 to 6.31, while the 

correspondent log2 values in RT-qPCR ranged from -2.86 to 4.32. The existence of 

some discrepancy between the values was expected, since the two techniques present 

different sensibilities. The correlation between the normalised fold change in microarray 

analysis and RT-qPCR was R2= 0.83. 
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7.4 Discussion 

 The non-existence of the complete S. natalensis genome sequence was a 

drawback regarding transcriptomic analysis of the mutant strains. Although with some 

limitations, interspecies microarrays have proven to be effective for those strains 

whose sequence is not available [326]. The heterologous nature of this approach 

imposes some limitations, namely the reduced number of probes retrieving a signal 

with sufficient intensity to be analysed. In spite of the limitations, the analysis of the 

transcriptome of the knock-out mutant strains CAM.02 (sodF) and CAM.04 (ahpCD) 

has provided a wider picture concerning the effect of the intracellular redox imbalance 

over  S. natalensis ATCC 27448 metabolism. 

 Central carbon metabolism pathways seemed to be transcriptionally activated in 

both mutants, when compared with the WT, especially in CAM.02 (sodF). However, it 

was not possible to unveil a clear pattern regarding carbon flux. The determination of 

GAPDH and G6PDH specific activities brought some light to this issue (Fig.7.4). In both 

mutants, carbon flux was being re-routed preferentially through PPP during RG1 

phase, whereas at RG2 phase both glycolysis and PPP were more active, when 

compared with the wild-type. The induction of PPP may have influenced the final 

pimaricin yields, since it is likely that both mutants accumulated NADPH during 

exponential growth. Nevertheless, it does not explain the differences between the 

pimaricin production profiles of the mutants. 

 Other carbon metabolism pathways were found to be transcriptionally altered in 

the mutant strains. Regarding mannose metabolism and based on the knowledge 

gathered for actinorhodin production in S. coelicolor [341, 342], one can rightly argue 

that the overexpression of phosphomanomutase gene pmmB in CAM.02 (sodF) and 

the overexpression of mannose-6-phophate isomerase manA in CAM.04 (ahpCD) 

may have contributed to the pimaricin production profiles observed in these mutant 

strains. In addition, CAM.02 (sodF) showed an activation of the glycerol utilisation 

operon at RG2 phase, which could have been due to an increase in glycerol 

biosynthesis, maybe as a response to oxidative stress, and/ or an inefficient glucose 

metabolism.  

 The down-regulation of the nuoA1-M1 operon that codes for the respiratory 

chain complex I in CAM.02 (sodF) hinted that the TCA cycle was impaired in this 

mutant strain. Accordingly, aconitase activity levels were significantly lower in CAM.02 

(sodF) than in the WT (Fig.7.7). Although the respiratory chain can function without 
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complex I, the lack of the reducing power (NADH and FADH2) provided by the TCA 

cycle most likely impaired ATP production, which may have function as an important 

bottle-neck to pimaricin production in CAM.02 (sodF). In addition, the oxidised form of 

aconitase may be involved in the CAM.02 (sodF) pimaricin biosynthesis phenotype. In 

fact, a truncated form of aconitase lacking the iron-sulphur cluster was shown to bind 

mRNA and to be associated with Streptomyces development program and secondary 

metabolism [70, 74].  

 BCAA catabolism was shown to be a major contributor of polyketyde precursors 

such as acetyl-coA and methylmalonyl-coA [102, 103]. Curiously, the mutant strains 

presented an opposite behaviour regarding the transcription profile of both BCAA 

biosynthesis and catabolism related genes at RG2 phase: down-regulated in CAM.02 

(sodF) and up-regulated in CAM.04 (ahpCD). Although the signalling pathways that 

mediate the crosstalk between the redox status of the cell and BCAA biosynthesis were 

not unveiled, it was reported that the deletion of ndgR (encodes a transcription 

regulator of leucine biosynthesis) in S. coelicolor modulated the protein levels of 

important antioxidant enzymes, such as catalase and SOD [98]. This suggests an 

interplay between the oxidative stress response and leucine biosynthesis. The BCAA 

catabolism associated genes are transcriptionaly activated upon an increase in the 

BCAA availability [105]. Hence, the expression profile of these genes is likely to be 

correlated with the modulation of the BCAA biosynthetic pathways. Moreover, the 

measurement of the BCAA degradation enzyme valine dehydrogenase specific activity 

confirmed the transcriptomic results (Fig.7.9). Medium supplementation with BCAA 

partially recovered pimaricin production in CAM.02 (sodF), suggesting a dependence 

on the BCAA content in the medium (Fig.7.10). This outcome is consistent with an 

impaired BCAA biosynthesis. Inversely, BCAA-supplementation lowered pimaricin 

production in the WT and CAM.04 (ahpCD). The negative effect observed in the latter 

strains does not have a clear interpretation. However, an excess of valine in the 

medium was shown to decrease spiramycin (a 16-membered macrolide) production in 

S. ambofaciens [347]. These results demonstrated that, above a certain concentration, 

BCAA can exert a negative impact over secondary metabolites yields in Streptomyces.  

Overall, the differences observed regarding BCAA metabolism are well correlated with 

the pimaricin producting phenotypes of the mutant strains. 

 Acetyl-CoA carboxylase is a key enzyme in the biosynthesis of fatty acids [345]. 

In addition, it is also important for the production of polyketides, since it generates the 

precursor molecule malonyl-CoA from actyl-CoA [345]. Intriguingly, accD1 was 
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overexpressed in CAM.02 (sodF), and down-regulated in CAM.04 (ahpCD), which 

was not in agreement with the final pimaricin yields observed in the knock-out mutant 

strains. 

 The pimaricin biosynthetic gene cluster was shown to be differentially 

expressed in both mutants. In fact, the transcription pattern of pim genes suggested 

that the activation of the pimaricin biosynthetic gene cluster was impaired and/or 

delayed in the mutant strains. Interestingly, this outcome was accompanied with a late 

transcriptional activation of the Pho-regulon. In accordance with this data, the 

physiological characterisation of the S. natalensis strains confirmed that phosphate 

exhaustion and the onset of pimaricin production occurred later in the mutants 

(Fig.7.12). This correlation could be explainable by the fact that inorganic phosphate 

exhaustion is a trigger for secondary metabolism [115]. Moreover, high inorganic 

phosphate concentrations in the media exert a negative effect over Streptomyces 

secondary metabolism at the transcriptomic level, including the S. natalensis pimaricin 

biosynthetic gene cluster [130]. The causal factors that lie behind this outcome are not 

clear. Nevertheless, a physiological study in Lactococcus lactis showed that the 

inactivation of the high-affinity phosphate uptake system was correlated with an 

increased resistance to divalent cations and to oxidative stress [348]. Thus, knowing 

that divalent cations are involved in oxidative stress, one can hypothesize that the 

phenotype observed in the S. natalensis antioxidant mutant strains may be the result of 

an interplay between phosphate, metal and ROS homeostasis. Regarding the final 

pimaricin production of the mutant strains, it was interesting to notice that, even though 

pimaricin production onset was delayed, CAM.04 (ahpCD) pimaricin yields at 72 h 

were higher than the WT. The overexpression of pim genes during stationary phase 

certainly contributed to this difference. Contrarily, although CAM.02 (sodF) started to 

produce pimaricin at the same growth phase, it revealed a pimaricin underproducing 

phenotype despite of the upregulation of pim genes at stationary phase. This outcome 

pointed out to the importance of other bottle-necks in the pimaricin biosynthetic gene 

cluster, namely a defficient TCA cycle and respiratory chain, probably accompanied 

with a diminishment in ATP intracellular levels, and a decreased metabolic flux through 

the BCAA degradation pathway.  
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8.1 General discussion  

 Streptomyces are Gram-positive filamentous bacteria well-known in the 

biopharmaceutical industry for their ability to produce a great variety of bioactive 

secondary metabolites. For this reason, Streptomyces are commercially used as 

producers of a wide range of natural products such as antibiotics, anticancer agents 

and antifungicides. However, as a consequence of Streptomyces mycelial lifestyle, the 

fermentation processes are negatively affected by a number of factors like mechanical 

stress, heat transfer problems and oxidative stress, among others [349]. Towards the 

optimisation of Streptomyces fermentation techniques it is important a better 

understanding of the factors that control the biosynthesis of secondary metabolites, in 

particular those likely to affect production yields in industrial processes. That is the 

case of oxidative stress.  

 Pimaricin biosynthesis has been thoroughly studied over the last 14 years. The 

work developed has unveiled the biosynthetic pathway of this 26-membered macrolide 

polyene [22, 23], the pathway-specific regulation exerted by PimR and PimM over the 

biosynthetic cluster [147, 149, 165, 174] and some of the factors that regulate its 

biosynthesis at the molecular level, e.g. phosphate and PI factor [177]. This thesis 

reports new data that unveiled novel pimaricin production bottle-necks by clearly 

establishing a molecular crosstalk between intracellular ROS homeostasis and 

pimaricin biosynthesis in S. natalensis.  

Physiological and molecular characterisation of the S. natalensis mutant strains 

obtained during this work revealed a positive correlation between H2O2 intracellular 

levels and pimaricin specific production. Applying an interspecies microarray approach 

to the analysis of the CAM.02 (sodF) and CAM.04 (ahpCD) transcriptomes, it was 

possible to identify molecular links between ROS homeostasis and pimaricin 

production.   

 Metabolic pathways that provide precursor units (BCAA catabolism) and the co-

factor NADPH (PPP) to polyketide biosynthesis were found to be altered in both 

mutants. The transcription of BCAA metabolism associated genes correlated with the 

pimaricin production profiles i.e. was down-regulated in CAM.02 (sodF) and 

overexpressed in CAM.04 (ahpCD). The lower transcript levels of BCAA biosynthetic 

genes combined with the oxidation of the BCAA biosynthetic enzyme dihydroxy acid 

dehydratase by O2
.- [187] can explain the defective BCAA biosynthesis in CAM.02 

(sodF). Regarding CAM.04 (ahpCD) mutant, increased ROS levels (namely H2O2) 

do not have a negative effect over BCAA biosynthesis. In fact increased transcript 
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levels of BCAA biosynthetic enzymes are observed. At the transcriptomic level, it is not 

clear how ROS-based signalling is being integrated in BCAA biosynthesis. In S. 

natalensis, H2O2 intracellular levels seem to be associated with the induction of the 

expression of these genes. Hence, the involvement of H2O2-sensitive regulators, such 

as OxyR or the sigma factor SigR, may be a good starting hypothesis to fully unveil this 

crosstalk. The BCAA catabolism associated genes identified as DEG are responsive to 

the BCAA intracellular concentration [105] and thus their transcription pattern can be 

correlated with BCAA biosynthesis. At the enzymatic level, VDH activity showed that 

during exponential phase, BCAA catabolism was induced in CAM.04 (ahpCD) and 

repressed in CAM.02 (sodF), especially at RG1 phase (Fig.7.9). This outcome agrees 

with the pimaricin production phenotypes observed in these mutant strains suggesting 

that the BCAA degradation pathway provides precursor units for pimaricin biosynthesis. 

 The re-route of carbon flux from glycolysis into PPP was most probably a 

response to elevated H2O2 or O2.- intracellular levels i.e. oxidative stress [336], since 

NADPH is a co-factor used by antioxidant defences, like thioredoxins [350]. However, 

the increased availability of NADPH could have exerted a positive effect over pimaricin 

biosynthesis, since PKS use NADPH as a co-factor in the reactions catalysed by the 

ketoreductase domains [351]. However, unlike BCAA catabolism, PPP induction was 

not a differential factor between the mutants. 

 Moreover, it was noticeable that the modulation of metabolic pathways from 

primary metabolism, at the enzymatic level, was more prominent at early exponential 

phase (RG1) where apparently both mutants presented a disrupted intracellular ROS 

homeostasis. This growth phase is characterised by a rapid growth that requires an 

active primary metabolism [110]. After the metabolic switch, cells enter in “survival 

mode” and the cell resources are redirected to other cell functions, like the production 

of secondary metabolites [110]. Thus, one can propose that to optimise secondary 

metabolites yields, the modulation of primary metabolism (precursors and co-factors) 

should occur prior to the metabolic switch.  

 Other metabolic pathways were only altered in CAM.02 (sodF), namely the 

impairments in the TCA cycle and the respiratory chain. These two cell functions 

comprehend steps catalysed by proteins that coordinate iron-sulphur clusters, like 

aconitase and succinate dehydrogenase [189]. Thus, the elevated O2
.- intracellular 

levels were the causal factor to the decreased aconitase activity (Fig.7.7). The 

energetic status of CAM.02 (sodF) was most probably an important bottle-neck in 

pimaricin biosynthesis. H2O2 can also oxidise iron-sulphur clusters, albeit at a slower 

rate. In fact, CAM.04 (ahpCD) aconitase activity levels were similar to the WT. 
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 Elevated H2O2 or O2
.- intracellular levels were accompanied with a slower 

inorganic phosphate consumption (Fig.7.12), which resulted in a late activation of the 

Pho regulon. As mentioned before, this phenotype may be related with an interplay 

between phosphate, metal and ROS homeostasis. Expression of the pimaricin 

biosynthetic gene cluster and the pimaricin production were well-correlated with the 

slower inorganic phosphate consumption. Nevertheless, it cannot be ruled out the 

effect of the pathway-specific regulator PimM over the expression of pim genes in 

response to alterations in the redox and/or energy status.  

 Although this characterisation was not extended to the other S. natalensis 

mutant strains, one can predict that some of these metabolic pathways may have 

contributed to the pimaricin overproducing phenotype of the strain overexpressing 

SodF, since this strain showed an increase in H2O2 intracellular levels at RG1 phase. 

This assumption was not applicable in the case of CAM.05 (katA1), since KatA1 is 

only activated at early stationary phase and thus it is not likely that the modulation of 

primary metabolism was an important contributor to its pimaricin overproducing 

phenotype. The development program was altered in this mutant and the bald 

phenotype observed was most likely an effect of elevated H2O2 intracellular levels. 

Given the close relation between the signalling pathways controlling the development 

program and secondary metabolism, one can suggest that the overproducing 

phenotype of CAM.05 (katA1) in submerged cultures may be a consequence of the 

modulation of some of these signalling pathways related with the morphological 

differentiation. The same logic can be applied to the pimaricin underproducing 

phenotype of CAM.06 (catR), with the additional factor that as a transcriptional factor 

CatR can be involved per se in the signalling network controlling development and 

secondary metabolism. Nevertheless, given the constitutive nature of the catalase 

activity induction in CAM.06 (catR), H2O2 intracellular levels were likely to be 

decreased since early stages of growth, implying that alterations in primary metabolism 

are also a plausible scenario. 

 The knowledge gathered in this work could be applied to the construction of a 

pimaricin super-producer S. natalensis mutant strain. Pimaricin production in high 

dissolved oxygen conditions could be optimized by the use of a strain with increased 

O2
.- detoxifying efficiency conjugated with a controlled inhibition of H2O2 detoxification 

(e.g. overexpression of sodF in CAM.04 strain). Additionally, pimaricin production could 

be further enhanced by increasing polyketide precursor units availability through the 

direct modulation of the BCAA degradation pathway.  
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8.2 Future perspectives 

 The metabolic pathways identified by the transcriptomic analysis of the 

antioxidant mutant strains are a good starting point for future work regarding the 

crosstalk between ROS homeostasis and secondary metabolism in Streptomyces. 

 Related with BCAA metabolism, the functional characterisation of the leucine 

biosynthesis transcription regulator NdgR in S. coelicolor revealed a connection with 

oxidative stress response [98], thus constituting an interesting line of research for 

future work. The structure of NdgR does not present features pointing out to the ability 

of directly sensing ROS. Therefore, it can be hypothesized that the transcription of 

ndgR may be controlled by an oxidative stress response regulator, namely catR, oxyR 

or sigR. A primary approach to this issue could be the determination of ndgR 

transcription profile in the S. natalensis catR, oxyR and sigR knock-out mutants (all 

available in the laboratory). A complementary strategy would be a DNA-affinity capture 

assay (DACA), in order to identify proteins that bind to the ndgR promoter region and 

are able to regulate the transcription of ndgR. 

 The phosphate scarcity correlation with oxidative is still largely 

uncomprehended and thereby it constitutes a good topic to explore. More specifically, it 

would be interesting to address the function of the metalloprotein PhoU as a PhoRP 

activity modulator in the context of oxidative stress. Using a site-directed mutagenesis 

approach, it could be assessed the importance of iron in the function of PhoU. 

Moreover, it would also be interesting to assess if regulators involved in metal 

homeostasis like dmdR are implicated in phosphate metabolism. 

 Concerning the function of catalases in the development program, it could be 

determined the transcriptional profile of the multiple catalases in the different types of 

mycelium, in order to understand their importance in the different morphological 

differentiation events. The assessment of a putative co-localisation of catalases with 

proteins involved in morphological differentiation would add some important 

knowledge. Moreover, unveiling how the H2O2 intracellular levels are influencing 

morphogenesis in the mutants CAM.05 (katA1) and CAM.06 (catR) would be an 

important contribute to the study of development in streptomycetes. 

 To understand if the results obtained in S. natalensis are strain-, or even 

metabolite-specific, it would be important to address the influence of ROS homeostasis 

over secondary metabolism in other Streptomyces strains. The modulation of the 

antioxidant enzymes expression in different strains would certainly bring some light on 

the impact of ROS homeostasis over secondary metabolism in Streptomyces. 
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Recently the genome of S. natalensis ATCC 27448 was fully sequenced. 

Currently, the functional annotation of the genome is underway and in the future, the 

availability of the fully sequenced and annotated genome will allow the utilisation of 

high-throughput techniques.  

The S. natalensis draft genome was distributed in 40 scaffolds totalling 

8,653,788 bp with an average GC content of 70.63 %. Putative protein encoding 

sequences were identified by Glimmer 3.0 [352]. Preliminary analysis has confirmed 

the sequence of the antioxidant encoding genes identified in this work. Although 

immunoblot analysis of S. natalensis protein extracts suggested the absence of a 

cytoplasmic catalase-peroxidase (Fig. 3.3), a catalase-peroxidase encoding gene was 

identified in the draft genome. antiSMASH analysis [353] identified the presence of 

twenty-six biosynthetic gene clusters for secondary metabolites. 
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‘R’ code used in the statistical analysis of the microarray data. 

 

Libraries 

 

library(limma) 

library(vsn) 

library("geneplotter") 

 

Feature extraction data 

 

targets <- readTargets("Targets.txt", row.names="Nhib") 

Files <- targets$FileName 

RG <- read.maimages(Files, source="agilent", names= targets$FileName, 

columns=list(Rf="gMeanSignal", Gf="rMeanSignal", Rb="gBGMedianSignal", 

Gb="rBGMedianSignal"), 

other.columns=c("gIsPosAndSignif","rIsPosAndSignif","gBGPixSDev","rBGPixSDev","g

IsFeatNonUnifOL","rIsFeatNonUnifOL","gIsBGNonUnifOL","rIsBGNonUnifOL")) 

 

Spot Types 

 

SpotTypes <- readSpotTypes() 

SpotTypes 

RG$genes$Status <- controlStatus(SpotTypes, RG) 

 

Modification of RGList into a MAList 

 

esControl <- RG$genes$Status=="Controles" 

summary(esControl) 

RG <- RG[!esControl,] 

esControl <- RG$genes$Status=="Negativo" 

summary(esControl) 

RG <- RG[!esControl,] 

esControl <- RG$genes$Status=="ControlesRC" 

summary(esControl) 

RG <- RG[!esControl,] 

esSNA_Mut <- RG$genes$Status=="SNA_Mut" 

summary(esSNA_Mut) 
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RG <- RG[!esSNA_Mut,] 

esTpim_Mut <- RG$genes$Status=="Tpim_Mut" 

summary(esTpim_Mut) 

RG <- RG[!esTpim_Mut,] 

summary(RG) 

 

Background correction 

 

RG.fc <- backgroundCorrect(RG, method="subtract") 

RG.fcz <- RG.fc 

for (x in 1:ncol(RG$R))  

RG.fcz$R[(RG$other$gBGPixSDev[,x] > (RG$R[,x]-RG$Rb[,x])),x] <- 

RG$other$gBGPixSDev[(RG$other$gBGPixSDev[,x] > (RG$R[,x]-RG$Rb[,x])),x] 

for (x in 1:ncol(RG$R))  

RG.fcz$G[(RG$other$rBGPixSDev[,x] > (RG$G[,x]-RG$Gb[,x])),x] <- 

RG$other$rBGPixSDev[(RG$other$rBGPixSDev[,x] > (RG$G[,x]-RG$Gb[,x])),x] 

min(RG.fcz$R) 

min(RG.fcz$G) 

RG.fc <- RG.fcz 

rm(RG.fcz) 

summary(MA.RG(RG.fc)$M) 

 

Weights 

 

Pesos <- RG.fc$G 

Pesos <- Pesos - Pesos + 0.000001 

Pesos[(RG.fc$genes$Status == "SAV"),] <- 1 

Pesos[(RG.fc$genes$Status == "SCO_inv"),] <- 1 

sum(Pesos[,1]) 

  

Normalisation of the data 

 

MA.m <- normaliseWithinArrays(RG.fc, method="median", weights = Pesos) 

MA.0 <- normaliseWithinArrays(RG.fc, method="none") 

MA.cl <- normaliseCyclicLoess(MA.0$M, weights = Pesos, span=0.3, iterations = 3) 

MA.0$M <- MA.cl 
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MA.cl <- MA.0 

MA.clm <- normaliseWithinArrays(MA.cl, method="median", weights = Pesos) 

 

MA.z  <- MA.clm 

multigrupo <- "SNA" 

col <- c("Row", "Col", "Start", "Sequence", "ProbeUID", "ControlType", "ProbeName", 

"GeneName", "SystematicName", "ID", "Status") 

col -> colnames(MA.z$genes) 

es1 <- MA.z$genes$Status==multigrupo 

MA.z1 <- MA.z[es1,] 

MA.z2 <- MA.z[!es1,] 

MA.z1$genes$ID <- MA.z1$genes$GeneName 

MA.z1 <- avereps(MA.z1) 

MA.z <- rbind(MA.z1,MA.z2) 

MA.z -> MA.clm 

 

Linear model  

 

design <- modelMatrix(targets, ref="ADNg") 

MA.z  <- MA.clm 

 

ajuste <- lmFit(MA.z, design, weights = MA.z$weights) 

ajuste <- eBayes(ajuste) 

matcon2 <- makeContrasts(WT_T2-WT_T1, WT_T3-WT_T2, WT_T3-WT_T1, 

CAM02_T2-CAM02_T1, CAM02_T3-CAM02_T2, CAM02_T3-CAM02_T1, CAM04_T3-

CAM04_T1, CAM02_T1-WT_T1, CAM02_T2-WT_T2, CAM02_T3-WT_T3, 

CAM04_T1-WT_T1, CAM04_T3-WT_T3, CAM04_T1- CAM02_T1, CAM04_T3- 

CAM02_T3, levels=design) 

ajusteC <- contrasts.fit(ajuste, matcon2) 

ajusteC <- eBayes(ajusteC) 

 

RES.BH <-decideTests(ajusteC, method="separate", adjust.method="BH", 

p.value=0.05, lfc=0) 

summary(RES.BH) 

RES.BHg <-decideTests(ajusteC, method="global", adjust.method="BH", p.value=0.05, 

lfc=0) 
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summary(RES.BHg) 

    topTable(ajusteC, adjust="fdr", coef=14,number=10, lfc=1)[,cbind(8,12,13,15,16,17)] 
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Table S1 - Stress response differentially expressed genes in the mutant strains CAM.02 (sodF) and CAM.04 

(ahpCD) – SAV probes 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
 p value 

CAM.02 (sodF) vs WT - RG2 

SAV3052  katA1   catalase  2,29 5,15E-03 2,10E-01 

SAV4288  ssb1   single-stranded DNA-binding protein  2,45 1,28E-03 8,86E-02 

SAV0652 fsr  fosmidmycin resistance protein  -1,56 5,53E-04 4,97E-02 

SAV6286   uvrA1  excinuclease ABC subunit A  -1,18 3,34E-03 1,60E-01 

CAM.04 (ahpCD) vs WT - RG2 

SAV2026  katA3   catalase  2,19 4,47E-02 8,54E-01 

SAV3052  katA1   catalase  4,04 2,12E-05 6,19E-02 

SAV0660  blaB1  metallo-beta-lactamase -1,15 7,93E-03 4,87E-01 

SAV3233  ahpD  alkylhydroperoxidase -4,66 1,25E-08 7,28E-05 

SAV3232   ahpC  alkyl hydroperoxide reductase -5,27 7,28E-09 7,28E-05 

CAM.04 (ahpCD) vs CAM.02 (sodF) – RG2 

SAV3052 katA1  catalase 1,75 2,57E-02 5,79E-01 

SAV6286 uvrA1 excinuclease ABC subunit A 1,04 8,00E-03 2,5E-01 

SAV3232 ahpC  alkyl hydroperoxide reductase -4,41 1,19E-07 2,43E-05 

SAV3233 ahpD  alkylhydroperoxidase -4,43 2,82E-08 8,89E-06 

SAV4288 ssb1  single-stranded DNA-binding protein -2,10 4,27E-03 1,53E-01 

SAV5764 blaA4  beta-lactamase -1,67 1,87E-02 4,75E-01 

CAM.02 (sodF) vs WT – S/P 

SAV0652 fsR  fosmidmycin resistance protein  1,49 8,09E-04 1,37E-01 

SAV2026  katA3   catalase  2,25 3,92E-02 8,80E-01 

SAV3052  katA1   catalase  1,87 1,84E-02 8,80E-01 

SAV4991  groES1   class I heat-shock protein 1,36 4,25E-02 8,80E-01 

SAV4992  groEL1   class I heat-shock protein  1,14 2,02E-02 8,80E-01 

SAV5413  sodF  superoxide dismutase  -2,78 3,16E-02 8,80E-01 

CAM.04 (ahpCD) vs WT – S/P 

SAV3232   ahpC  alkyl hydroperoxide reductase -5,48 8,88E-10 1,04E-05 

SAV3233  ahpD  alkylhydroperoxidase -5,45 4,27E-09 2,49E-05 

CAM.04 (ahpCD) vs CAM.02 (sodF) – S/P 

SAV0652 fsr 
fosmidomycin resistance protein (membrane 

efflux protein) 
-1,85 9,31E-05 3,62E-1 

SAV3232 ahpC  alkyl hydroperoxide reductase -6,20 5,00E-10 2,92E-06 

SAV3233 ahpD  alkylhydroperoxidase -5,83 3,10E-10 2,92E-06 
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Table S2 - Replication, transcription, translation and protein degradation  differentially expressed genes in the 

mutant strains CAM.02 (sodF) and CAM.04 (ahpCD) – SAV probes 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
p value 

CAM.02 (sodF) vs WT- RG2 

SAV0440 rpoA2 RNA polymerase alpha subunit 1,36 4,52E-02 5,50E-01 

SAV2086 engC ribosome-associated GTPase 1,44 1,44E-02 3,68E-01 

SAV2640  rplS  ribosomal protein L19  2,35 1,51E-03 9,57E-02 

SAV3301  greA transcription elongation factor 1,15 2,14E-02 4,48E-01 

SAV4286   rplI ribosomal protein L9 1,77 9,06E-03 2,98E-01 

SAV4289  rpsF  ribosomal protein S6  1,63 3,05E-02 4,99E-01 

SAV4739  hemA  glutamyl-tRNA reductase  1,31 3,44E-03 1,64E-01 

SAV4749  lysS1  lysyl-tRNA synthetase  1,01 2,48E-02 4,68E-01 

SAV4910  rplK  ribosomal protein L11  2,29 5,16E-03 2,10E-01 

SAV4911  rplA ribosomal protein L1  2,56 5,95E-04 5,27E-02 

SAV4912  rplJ  ribosomal protein L10   2,86 2,09E-04 2,08E-02 

SAV4913  rplL ribosomal protein L7/L12  3,45 6,66E-05 7,62E-03 

SAV4918  rpsG  ribosomal protein S7  2,08 2,60E-03 1,37E-01 

SAV4919  fusA1 elongation factor G  2,13 5,02E-03 2,09E-01 

SAV4925  rpsJ  ribosomal protein S10  2,31 2,63E-03 1,38E-01 

SAV4927   rplD ribosomal protein L4  2,18 2,15E-03 1,20E-01 

SAV4929  rplB  ribosomal protein L2  2,37 3,71E-03 1,71E-01 

SAV4932  rpsC ribosomal protein S3 2,56 8,16E-03 2,81E-01 

SAV4933  rplP  ribosomal protein L16 2,46 2,74E-03 1,42E-01 

SAV4935   rpsQ ribosomal protein S17  2,38 2,15E-03 1,20E-01 

SAV4936  rplN  ribosomal protein L14  2,29 2,48E-03 1,32E-01 

SAV4937  rplX ribosomal protein L24  1,62 8,50E-03 2,87E-01 

SAV4938  rplE  ribosomal protein L5  2,58 7,29E-04 5,94E-02 

SAV4939  rpsN1 ribosomal protein S14  2,03 1,91E-03 1,14E-01 

SAV4940 rpsH  ribosomal protein S8  2,10 4,40E-03 1,95E-01 

SAV4941  rplF  ribosomal protein L6 1,94 2,01E-02 4,38E-01 

SAV4943   rpsE ribosomal protein S5  1,82 3,83E-02 5,37E-01 

SAV4944  rpmD  ribosomal protein L30  2,04 1,53E-02 3,83E-01 

SAV4950  rpmJ ribosomal protein L36 1,63 3,17E-02 5,04E-01 

SAV4952  rpsK  ribosomal protein S11  1,82 2,91E-02 4,93E-01 

SAV4953  rpoA1 RNA polymerase alpha subunit  1,29 2,87E-02 4,93E-01 

SAV4958  rpsI  ribosomal protein S9 1,81 2,27E-02 4,58E-01 

SAV5468  rpmA ribosomal protein L27  2,07 7,87E-03 2,77E-01 

SAV5635  glyS glycyl-tRNA synthetase  1,22 1,71E-02 4,03E-01 

SAV6737  infC translation initiation factor IF-3  1,90 1,04E-02 3,15E-01 

SAV6738  rpmI ribosomal protein L35  1,97 4,94E-03 2,07E-01 

SAV6739 rplT ribosomal protein L20  2,43 1,63E-02 3,93E-01 

SAV0077  rRNA methyltransferase -1,42 2,10E-02 4,45E-01 

CAM.04 (ahpCD)  vs WT - RG2 

SAV1956  map1 methionyl aminopeptidase 1,03 2,86E-02 8,54E-01 

SAV2086  engC ribosome-associated GTPase 1,59 7,97E-03 4,87E-01 

SAV3177  typA GTP-binding elongation factor 1,06 1,78E-02 7,48E-01 

SAV4664  tilS Ile-lysidine tRNA synthase 1,06 2,70E-02 8,54E-01 

SAV5476  family M48 peptidase 1,04 1,03E-02 5,37E-01 
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Table S2 - Replication, transcription, translation and protein degradation differentially expressed genes in the 

mutant strains CAM.02 (sodF) and CAM.04 (ahpCD) – SAV probes (continuation) 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
p value 

SAV5488  leuS leucyl-tRNA synthetase 1,85 2,44E-04 3,56E-01 

SAV7296  lysS2 lysyl-tRNA synthetase -1,21 1,39E-02 6,38E-01 

CAM.04 (ahpCD)  vs CAM.02 (sodF)  - RG2 

SAV4664 tilS tRNA(Ile)-lysidine synthase 1,27 9,62E-03 2,87E-01 

SAV5488 leuS  leucyl-tRNA synthetase 2,06 7,50E-05 5,22E-03 

SAV2640 rplS  ribosomal protein L19 -2,08 4,00E-03 1,46E-01 

SAV3301 greA transcription elongation factor -1,88 5,95E-03 1,99E-01 

SAV4286 rplI  ribosomal protein L9 -1,88 5,95E-03 1,99E-01 

SAV4289 rpsF  ribosomal protein S6 -2,04 8,77E-03 2,69E-01 

SAV4910 rplK  ribosomal protein L11 -2,15 7,92E-03 2,49E-01 

SAV4911 rplA  ribosomal protein L1 -2,63 4,59E-04 2,26E-02 

SAV4912 rplJ  ribosomal protein L10 -2,90 1,77E-04 1,05E-02 

SAV4913 rplL  ribosomal protein L7/L12 -3,05 2,52E-04 1,43E-02 

SAV4918 rpsG  ribosomal protein S7 -1,64 1,34E-02 3,67E-01 

SAV4925 rpsJ  ribosomal protein S10 -1,91 1,00E-02 2,97E-01 

SAV4927 rplD  ribosomal protein L4 -1,94 5,13E-03 1,77E-01 

SAV4929 rplB  ribosomal protein L2 -2,09 8,91E-03 2,71E-01 

SAV4932 rpsC  ribosomal protein S3 -2,07 2,74E-02 6,05E-01 

SAV4933 rplP  ribosomal protein L16 -1,81 2,03E-02 4,99E-01 

SAV4935 rpsQ  ribosomal protein S17 -2,22 3,63E-03 1,36E-01 

SAV4936 rplN  ribosomal protein L14 -1,69 1,83E-02 4,67E-01 

SAV4937 rplX  ribosomal protein L24 -1,91 2,68E-03 1,07E-01 

SAV4938 rplE  ribosomal protein L5 -1,87 8,94E-03 2,71E-01 

SAV4939 rpsN1  ribosomal protein S14 -1,93 2,88E-03 1,12E-01 

SAV4940 rpsH  ribosomal protein S8 -1,39 4,59E-02 8,53E-01 

SAV4958 rpsI  ribosomal protein S9 -1,66 3,49E-02 7,19E-01 

SAV5468 rpmA  ribosomal protein L27 -2,24 4,52E-03 1,59E-01 

SAV6737 infC  translation initiation factor IF-3 -1,65 2,31E-02 5,39E-01 

SAV6738 rpmI  ribosomal protein L35 -1,53 2,30E-02 5,38E-01 

SAV6739 rplT  ribosomal protein L20 -2,31 2,16E-02 5,20E-01 

SAV7296 lysS2  lysyl-tRNA synthetase -1,35 6,99E-03 2,26E-01 

CAM.02 (sodF) vs WT - SP 

SAV2551  infB translation initiation factor IF-2  -1,56 6,24E-03 8,19E-01 

SAV2915 rho1 transcription termination factor Rho -1,54 4,61E-02 8,80E-01 

SAV3301 greA transcription elongation factor -1,07 3,04E-02 8,80E-01 

SAV6451  tripeptidyl-peptidase S, secreted -1,25 4,60E-02 8,80E-01 

CAM.04 (ahpCD) vs WT – S/P 

SAV6674  tRNA methyltransferase 1,06 3,56E-02 3,40E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) - S/P 

SAV1906   secreted peptidase 2,05 2,66E-02 1,00E+00 

SAV2551 infB  translation initiation factor IF-2 1,15 3,51E-02 1,00E+00 

SAV4912 rplJ  ribosomal protein L10 1,95 5,70E-03 1,00E+00 

SAV4913 rplL  ribosomal protein L7/L12 1,44 4,83E-02 1,00E+00 

SAV5949  physarolisin II (secrted serine protease) 1,53 2,67E-02 1,00E+00 

SAV4321 gyrB DNA gyrase subunit B -1,04 3,61E-02 1,00E+00 
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Table S3 - Transcription regulation differentially expressed genes in the mutant strains CAM.02 (sodF) and 

CAM.04 (ahpCD) – SAV probes 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted  
p value 

CAM.02 (sodF) vs WT - RG2 

SAV3070 wblC WhiB-like transcription regulator 1,63 7,71E-04 6,08E-02 

SAV3503  RpiR-family transcription regulator 1,15 1,61E-02 3,91E-01 

SAV4042  LuxR-family transcription regulator 1,70 2,24E-02 4,56E-01 

SAV6666  gylR GntR-family transcription regulator 3,34 3,60E-08 5,03E-05 

SAV0409  pteF LuxR-family transcription regulator -1,87 1,55E-02 3,85E-01 

SAV0961  sig12 Sigma factor -1,86 7,38E-04 5,94E-02 

SAV1195  sig16 Sigma factors -1,14 4,55E-02 5,52E-01 

SAV3850  Unspecified -1,09 2,63E-02 4,80E-01 

SAV4065   GntR-family transcription regulator -1,52 1,30E-02 3,51E-01 

SAV4207  sig36 Sigma factors -1,30 6,87E-03 2,54E-01 

SAV5141  sdrB IclR-family transcription regulator -2,20 4,62E-03 1,98E-01 

SAV5148  AsnC-family transcription regulator -1,86 7,56E-05 8,48E-03 

CAM.04 (ahpCD) vs WT - RG2 

SAV1099  MarR-family transcription regulator 1,14 3,88E-02 8,54E-01 

SAV1439  TetR-family transcription regulator 1,04 3,76E-02 8,54E-01 

SAV1997   IclR-family transcription regulator 1,45 2,88E-02 8,54E-01 

SAV3339  DeoR-family transcription regulator 1,25 4,52E-02 8,54E-01 

SAV3972  phoP Two-component system response regulator 1,82 7,02E-03 4,81E-01 

SAV3973  phoR Two-component system sensor kinase 1,92 1,42E-03 4,54E-01 

SAV4879  Two-component system sensor kinase 1,12 3,33E-02 8,54E-01 

SAV5393  MarR-family transcription regulator 1,07 1,10E-02 5,65E-01 

SAV6149  Unspecified 1,10 3,01E-02 8,54E-01 

SAV6536  DeoR-family transcription regulator 1,17 1,96E-02 7,82E-01 

SAV0741  sig8 Sigma factors -1,48 2,35E-02 8,54E-01 

SAV0921  Anti-sigma factor antagonist -1,49 2,59E-02 8,54E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) – RG2 

SAV0143   TetR-family transcriptional regulator 1,15 4,36E-02 8,27E-01 

SAV0961 sig12  RNA polymerase ECF-subfamily sigma factor 1,70 1,62E-03 7,00E-02 

SAV3016 wblE 
 WhiB-family transcriptional regulator;  role in 

cell cycle control 
1,43 2,02E-02 4,97E-01 

SAV3339   DeoR-family transcriptional regulator 1,87 4,49E-03 1,59E-01 

SAV3837   regulatory protein 2,25 4,28E-02 8,20E-01 

SAV3850   transcriptional regulator 1,15 1,93E-02 4,87E-01 

SAV3972 phoP  two-component system response regulator 2,11 5,33E-03 1,82E-01 

SAV3973 phoR  two-component system sensor kinase 2,52 2,85E-04 1,58E-02 

SAV4207 sig36  RNA polymerase ECF-subfamily sigma factor 1,04 2,55E-02 5,76E-01 

SAV4360   TetR-family transcriptional regulator 1,44 2,83E-02 6,18E-01 

SAV4735 bds  RNA polymerase ECF-subfamily sigma factor 1,88 3,60E-02 7,31E-01 

SAV5141 sdrB 
 differentiation regulon (IclR-family 

transcriptional regulator) 
1,45 4,83E-02 8,82E-01 

SAV5148   AsnC-family transcriptional regulator 1,19 4,50E-03 1,59E-01 

SAV5250   two-component system response regulator  1,16 2,07E-02 5,04E-01 

SAV5976 malR1  repressor of malE transcription 1,45 1,49E-02 4,00E-01 

SAV7457   TetR-family transcriptional regulator 3,27 4,20E-03 1,52E-01 

SAV2270 avaL1  TetR-family transcriptional regulator -1,22 3,16E-02 6,64E-01 
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Table S3 - Transcription regulation differentially expressed genes in the mutant strains CAM.02 (sodF) and 

CAM.04 (ahpCD) – SAV probes (continuation). 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
p value 

SAV3503   transcriptional regulator -1,59 1,67E-03 7,17E-02 

SAV4042   two-component system response regulator -2,47 1,87E-03 7,85E-02 

SAV7199   transcriptional regulator -1,52 3,72E-02 7,48E-01 

CAM.02 (sodF) vs WT – S/P 

SAV3351  sig25 Sigma/Anti-sigma factors 1,02 8,50E-03 8,80E-01 

SAV3973  phoR Two-component system sensor kinase 1,28 3,64E-02 8,80E-01 

SAV5148   AsnC-family transcription regulator 1,03 1,18E-02 8,80E-01 

SAV0585  TetR-family transcription regulator -1,54 1,92E-02 8,80E-01 

SAV0669  TetR-family transcription regulator -1,69 5,12E-03 7,03E-01 

SAV3037  rsrA Anti-sigma factor -1,28 7,58E-03 8,80E-01 

SAV5303  abaB2 LysR-family transcription regulator -1,15 1,38E-02 8,80E-01 

SAV7454  AraC-family transcription regulator -1,50 1,37E-02 8,80E-01 

CAM.04 (ahpCD) vs WT – S/P 

SAV0585  TetR-family transcription regulator -1,26 4,89E-02 3,53E-01 

SAV0669  TetR-family transcription regulator -1,50 1,14E-02 3,39E-01 

SAV3037  rsrA Anti-sigma factors -1,03 2,69E-02 3,39E-01 

SAV7454  AraC-family transcription regulator -1,16 4,90E-02 3,53E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) – S/P 

SAV3339   DeoR-family transcriptional regulator -1,39 2,78E-02 0,99E+01 

SAV3351 sig25  RNA polymerase ECF-subfamily sigma factor -1,42 6,35E-04 4,66E-01 

SAV5148   AsnC-family transcriptional regulator -1,50 6,78E-04 4,66E-01 
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Table S4 - Carbon metabolism differentially expressed genes in the mutant strains CAM.02 (sodF) and CAM.04 

(ahpCD) – SAV probes 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
p value 

CAM.02 (sodF) vs WT - RG2 

SAV2000  aceB   malate synthase  1,57 1,79E-02 4,12E-01 

SAV2990   gap1   glyceraldehyde-3-phosphate dehydrogenase 1,49 3,91E-02 5,41E-01 

SAV3343  pmmB  phosphomannomutase  2,36 2,97E-05 4,13E-03 

SAV4318  gnd2   6-phosphogluconate dehydrogenase  1,45 5,76E-03 2,29E-01 

SAV6663   glpD1  glycerol-3-phosphate dehydrogenase 6,31 7,25E-09 5,03E-05 

SAV6664  glpK1   glycerol kinase  3,87 5,07E-07 1,41E-04 

SAV6666  gylR GntR-family transcription regulator 3,34 3,60E-08 5,03E-05 

SAV7308  sdhA3  succinate dehydrogenase flavoprotein subunit  3,18 8,07E-03 2,79E-01 

SAV7309  sdhB3  succinate dehydrogenase iron-sulphur protein  2,40 1,23E-02 3,45E-01 

SAV2803   trehalose synthase  -1,56 6,55E-03 2,48E-01 

SAV3181  sdhA2  succinate dehydrogenase flavoprotein subunit  -3,35 1,86E-06 3,61E-04 

SAV7396  treS   trehalose synthase  -1,55 6,82E-03 2,54E-01 

CAM.04 (ahpCD)  vs WT - RG2 

SAV1891  tkt3 transketolase  1,64 2,20E-02 8,43E-01 

SAV3574  galK galactokinase  1,22 4,52E-02 8,54E-01 

SAV3575  galE1 UDP-glucose 4-epimerase  1,32 4,62E-02 8,54E-01 

SAV5051  manA  mannose-6-phosphate isomerase  2,24 6,69E-03 4,81E-01 

SAV5205  secreted endo-beta-1,6-galactanase 1,03 1,93E-02 7,80E-01 

SAV7414  srlD  sorbitol-6-phosphate 2-dehydrogenase 1,19 4,76E-02 8,54E-01 

SAV6020  aceE2  pyruvate dehydrogenase E1 component  -1,22 1,85E-02 7,64E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) – RG2 

SAV1770 pgi1  glucose-6-phosphate isomerase 1,14 1,95E-03 8,15E-02 

SAV3181 sdhA2  succinate dehydrogenase flavoprotein subunit  2,77 2,23E-05 1,99E-03 

SAV4876 korB 
 2-oxoglutarate ferredoxin oxidoreductase, beta 

subunit 
1,61 2,12E-02 5,13E-01 

SAV5051 manA  mannose-6-phosphate isomerase 1,87 1,99E-02 4,91E-01 

SAV6217 pykA2  pyruvate kinase 2,20 3,59E-02 7,31E-01 

SAV2000 aceB  malate synthase -1,50 2,36E-02 5,42E-01 

SAV3343 pmmB putative phosphomannomutase -1,92 2,92E-04 1,61E-02 

SAV6020 aceE2  pyruvate dehydrogenase E1 component -1,55 4,03E-03 1,47E-01 

SAV6663 glpD1  glycerol-3-phosphate dehydrogenase -5,60 4,74E-08 1,23E-05 

SAV6664 glpK1  glycerol kinase -3,61 1,37E-06 2,11E-04 

SAV6666 gylR  glycerol operon regulatory protein, IclR-family -3,13 9,72E-08 2,10E-05 

SAV7308 sdhA3 succinate dehydrogenase flavoprotein subunit  -2,78 1,82E-02 4,67E-01 

SAV7309 sdhB3 succinate dehydrogenase iron-sulphur protein  -2,99 2,69E-03 1,07E-01 

CAM.02 (sodF) vs WT - SP 
SAV1767  tal1  transaldolase  1,88 7,16E-03 8,80E-01 

SAV2972   sucA 2-oxoglutarate dehydrogenase 1,68 9,81E-03 8,80E-01 

SAV2990   gap1  glyceraldehyde-3-phosphate dehydrogenase 1,53 3,43E-02 8,80E-01 

SAV3451  sucD2 succinyl-CoA synthetase alpha chain  1,65 3,87E-02 8,80E-01 

SAV3452  sucC2 succinyl-CoA synthetase beta chain  1,55 5,54E-03 7,52E-01 

SAV3689   fruB 1-phosphofructokinase  1,17 1,76E-02 8,80E-01 

SAV4876 korB 
 2-oxoglutarate ferredoxin oxidoreductase, beta 

subunit 
1,43 3,72E-02 8,80E-01 
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Table S4 - Carbon metabolism differentially expressed genes in the mutant strains CAM.02 (sodF) and CAM.04 

(ahpCD) – SAV probes (continuation) 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
p value 

SAV5051  manA  mannose-6-phosphate isomerase  1,61 4,09E-02 8,80E-01 

SAV6296   gap2 glyceraldehyde-3-phosphate dehydrogenase  1,61 2,03E-02 8,80E-01 

SAV6315  tkt2  transketolase  1,78 1,12E-02 8,80E-01 

SAV7123   pfkA3  6-phosphofructokinase 1,22 1,70E-03 2,61E-01 

SAV7182   xylA  xylose isomerase 1,11 4,98E-02 8,80E-01 

SAV7214   icdA  isocitrate dehydrogenase 1,83 2,82E-02 8,80E-01 

SAV7414  srlD  sorbitol-6-phosphate 2-dehydrogenase -1,20 4,75E-02 8,80E-01 

CAM.04 (ahpCD)  vs WT - SP 

SAV7414  srlD  sorbitol-6-phosphate 2-dehydrogenase -1,36 2,61E-02 3,39E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) – SP 

SAV3689 fruB 1-phosphofructokinase -1,16 1,86E-02 0,99E-01 

SAV6315 tkt2 transketolase -1,35 4,68E-02 0,99E-01 

SAV7123 pfkA3 6-phosphofructokinase -1,25 1,37E-03 5,91E-01 

SAV7214 icdA isocitrate dehydrogenase -1,71 3,90E-02 0,99E-01 

SAV7308 sdhA3 succinate dehydrogenase flavoprotein subunit  -2,61 2,55E-02 0,99E-01 

SAV7309 sdhB3 succinate dehydrogenase iron-sulphur protein  -2,14 2,33E-02 0,99E-01 
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Table S5 - Respiratory chain and energy production differentially expressed genes in the mutant strains 

CAM.02 (sodF) and CAM.04 (ahpCD) – SAV probes 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
p value 

CAM.02 (sodF) vs WT- RG2 

SAV2881  atpD ATP synthase beta chain 1,15 2,23E-02 4,55E-01 

SAV2882  atpG ATP synthase gamma chain  1,63 4,32E-02 5,50E-01 

SAV4800  resB cytochrome C biogenesis membrane protein 1,19 3,73E-03 1,71E-01 

SAV6055  qcrB  cytochrome b subunit 1,25 4,25E-02 5,48E-01 

SAV7308  sdhA3  succinate dehydrogenase flavoprotein subunit  3,18 8,07E-03 2,79E-01 

SAV7309  sdhB3  succinate dehydrogenase iron-sulphur protein  2,40 1,23E-02 3,45E-01 

SAV3181  sdhA2  succinate dehydrogenase flavoprotein subunit  -3,35 1,86E-06 3,61E-04 

SAV4837  nuoA1 NADH dehydrogenase chain A -2,86 2,41E-07 8,80E-05 

SAV4839  nuoC NADH dehydrogenase chain C   -2,51 2,24E-03 1,24E-01 

SAV4840  nuoD1  NADH dehydrogenase chain D  -3,94 1,17E-06 2,53E-04 

SAV4841  nuoE NADH dehydrogenase chain E  -4,02 1,06E-04 1,15E-02 

SAV4844 nuoH1  NADH dehydrogenase chain F  -4,03 6,46E-08 5,03E-05 

SAV4846  nuoJ1  NADH dehydrogenase chain J  -3,46 8,48E-06 1,38E-03 

SAV4847   nuoK1 NADH dehydrogenase chain K  -2,30 6,01E-03 2,36E-01 

SAV4849  nuoM1  NADH dehydrogenase chain M  -3,51 2,88E-08 5,03E-05 

SAV4850  nuoN1 NADH dehydrogenase chain N  -1,16 2,85E-03 1,44E-01 

SAV4889    nuoM2 NADH dehydrogenase -1,89 3,79E-02 5,36E-01 

CAM.04 (ahpCD) vs WT - RG2 

SAV4889   nuoM2  NADH dehydrogenase -1,83 4,40E-02 8,54E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) - RG2 

SAV3181 sdhA2 succinate dehydrogenase flavoprotein subunit  2,77 2,23E-05 1,99E-03 

SAV4837 nuoA1 NADH dehydrogenase I chain A  2,44 2,23E-06 3,26E-04 

SAV4839 nuoC NADH dehydrogenase I chain C  2,05 9,43E-03 2,82E-01 

SAV4840 nuoD1 NADH dehydrogenase I chain D  3,71 2,75E-06 3,82E-04 

SAV4841 nuoE NADH dehydrogenase I chain E  4,03 1,01E-04 6,63E-03 

SAV4844 nuoH1 NADH dehydrogenase I chain H  3,86 1,25E-07 2,51E-05 

SAV4846 nuoJ1 NADH dehydrogenase I chain J  3,46 8,64E-06 1,03E-03 

SAV4849 nuoM1 NADH dehydrogenase I chain M  3,56 2,39E-08 8,06E-06 

SAV4850 nuoN1 NADH dehydrogenase I chain N  1,10 4,16E-03 1,51E-01 

SAV7308 sdhA3 succinate dehydrogenase flavoprotein subunit  -2,78 1,82E-02 4,67E-01 

SAV7309 sdhB3 succinate dehydrogenase iron-sulphur protein  -2,99 2,69E-03 1,07E-01 

CAM.02 (sodF) vs WT - SP 

SAV3397  sdhA1  succinate dehydrogenase flavoprotein subunit  1,41 4,25E-02 8,80E-01 

SAV6055   qcrB cytochrome b subunit 1,30 3,55E-02 8,80E-01 

SAV4844  nuoH1  NADH dehydrogenase chain F  -1,18 2,25E-02 8,80E-01 
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Table S6 - Lipid metabolism differentially expressed genes in the mutant strains CAM.02 (sodF) and CAM.04 

(ahpCD) – SAV probes 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted  
p value 

CAM.02 (sodF) vs WT- RG2 

SAV1658 pgsA5 phosphatidylglycerophosphate synthase 1,12 4,58E-03 1,97E-01 

SAV2786   echA8   enoyl-CoA hydratase 1,92 9,56E-03 3,09E-01 

SAV5278  accD1   acetyl/propionyl CoA carboxylase, beta subunit  2,06 6,96E-04 5,89E-02 

SAV2567   fadE11  acyl-CoA dehydrogenase  -1,58 3,84E-05 5,09E-03 

CAM.04 (ahpCD) vs WT RG2 

SAV1715 plcA   non-hemolytic phospholipase C  1,25 4,80E-02 8,54E-01 

SAV5872  fabG5  3-oxoacyl-ACP reductase 1,05 1,39E-02 6,38E-01 

SAV7259 fabG9  3-oxoacyl-ACP reductase 1,14 2,55E-02 8,54E-01 

SAV7311 plsC7  1-acylglycerol-3-phosphate O-acyltransferase 1,65 3,19E-02 8,54E-01 

SAV2170   cholesterol esterase -1,41 7,85E-03 4,86E-01 

SAV2267  avaB 
 oxidoreductase (Acyl-CoA dehydrogenase, C-

terminal domain) 
-1,27 3,58E-04 3,80E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF)  RG2 

SAV1715 plcA  non-hemolytic phospholipase C, secreted 2,34 8,60E-04 3,94E-02 

SAV2306 fadE1  acyl-CoA dehydrogenase 1,98 4,31E-02 8,23E-01 

SAV2316 echA7  enoyl-CoA hydratase 1,17 2,12E-02 5,13E-01 

SAV2567 fadE11  acyl-CoA dehydrogenase 1,48 7,94E-05 5,39E-03 

SAV5723 fadD13 
 acyl-CoA synthetase, long-chain fatty-acid:CoA 

ligase 
1,85 1,41E-02 3,80E-01 

SAV7311 plsC7  1-acylglycerol-3-phosphate O-acyltransferase 1,92 1,40E-02 3,77E-01 

SAV2786 echA8   enoyl-CoA hydratase -1,74 1,68E-02 4,37E-01 

SAV5278 accD1 acetyl/propionyl CoA carboxylase, beta subunit -1,69 3,57E-03 1,35E-01 

CAM.02 (sodF) vs WT S/P S/P 

SAV1715 plcA   non-hemolytic phospholipase C  1,72 9,25E-03 8,80E-01 

SAV1911 ccrA2 crotonyl-CoA reductase 2,04 1,24E-04 2,93E-02 

SAV5278  accD1   acetyl/propionyl CoA carboxylase, beta subunit  -1,67 4,01E-03 5,59E-01 

CAM.04 (ahpCD) vs WT S/P 

SAV1691 desA  fatty acid desaturase 1,38 8,87E-03 3,39E-01 

SAV5278  accD1   acetyl/propionyl CoA carboxylase, beta subunit  -1,76 2,67E-03 3,39E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) S/P 

SAV1691 desA putative fatty acid desaturase 1,00 4,87E-02 9,80E-01 

SAV1909 fadC1 putative 3-hydroxyacyl-CoA dehydrogenase -1,49 1,10E-03 5,33E-01 

SAV1911 ccrA2 crotonyl-CoA reductase -1,76 5,66E-04 4,66E-01 
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Table S7 - Amino acids metabolism differentially expressed genes in the mutant strains CAM.02 (sodF) and 

CAM.04 (ahpCD) – SAV probes 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
 p value 

CAM.02 (sodF)  vs WT - RG2 

SAV1627  kbl 2-amino-3-oxobutyrate:CoA ligase   3,66 4,77E-05 5,86E-03 

SAV1628  tdh threonine 3-dehydrogenase  3,46 3,51E-05 4,71E-03 

SAV3325 hutH1 histidine ammonia-lyase 3,08 2,23E-06 4,19E-04 

SAV2686  leuC 3-isopropylmalate dehydratase large subunit -2,89 2,78E-03 1,42E-01 

SAV2723 rocA delta-1-pyrroline-5-carboxylate dehydrogenase -1,71 3,66E-03 1,70E-01 

SAV2733  ilvB1 acetolactate synthase large subunit -1,73 4,36E-03 1,94E-01 

SAV4350  paaE 
phenylacetic acid degradation NADH 

oxidoreductase  
-3,67 3,90E-08 5,03E-05 

SAV4351  paaD phenylacetic acid degradation protein  -1,80 4,09E-02 5,42E-01 

SAV4353  paaB phenylacetic acid degradation protein  -3,41 2,36E-04 2,33E-02 

SAV4354  paaA phenylacetic acid degradation protein -3,80 7,26E-04 5,94E-02 

SAV4358  paaZ dehydrogenase  -1,81 4,90E-02 5,58E-01 

SAV4362 bkdA 
3-methyl-2-oxobutanoate dehydrogenase 

lipoamide  
-3,35 1,07E-04 1,15E-02 

SAV4363  bkdB 
3-methyl-2-oxobutanoate dehydrogenase 

lipoamide  
-3,38 1,03E-06 2,37E-04 

SAV4364  bkdC dihydrolipoamide acyltransferase bkdC  -2,61 8,48E-04 6,52E-02 

SAV4655  gadB2  glutamate decarboxylase  -1,25 1,43E-03 9,29E-02 

SAV5272  rhbB L-2,4-diaminobutyrate decarboxylase  -3,36 1,35E-03 9,02E-02 

SAV5601  leuA2 2-isopropylmalate synthase   -2,26 3,20E-03 1,57E-01 

SAV6213  amino acid decarboxylase  -2,29 1,15E-04 1,24E-02 

CAM.04 (ahpCD) vs WT - RG2 

SAV1627  kbl 2-amino-3-oxobutyrate:CoA ligase   1,87 1,53E-02 6,76E-01 

SAV1628 tdh threonine 3-dehydrogenase  1,48 3,36E-02 8,54E-01 

SAV2686  leuC 3-isopropylmalate dehydratase subunit large  2,51 7,77E-03 4,86E-01 

SAV2732  ilvN acetolactate synthase subunit small 3,25 6,88E-05 1,61E-01 

SAV2733  ilvB1 acetolactate synthase subunit large 3,02 1,85E-05 6,19E-02 

SAV4273 cysA cystathionine/methionine gamma-synthase/lyase 1,16 1,81E-02 7,55E-01 

SAV4353  paaB phenylacetic acid degradation protein  1,93 1,96E-02 7,82E-01 

SAV4362  bkdA 3-methyl-2-oxobutanoate dehydrogenase lipoamide  2,11 6,54E-03 4,81E-01 

SAV4363  bkdB 3-methyl-2-oxobutanoate dehydrogenase lipoamide  1,67 2,59E-03 4,54E-01 

SAV4364  bkdC dihydrolipoamide acyltransferase bkdC  1,59 2,63E-02 8,54E-01 

SAV4736  serB1 3-phosphoserine phosphatase 1,13 3,33E-02 8,54E-01 

SAV5601  leuA2 2-isopropylmalate synthase   2,77 5,76E-04 3,96E-01 

SAV0801   argG1 argininosuccinate synthase  -1,91 2,25E-02 8,54E-01 

SAV6778  argG2 argininosuccinate synthase  -2,04 1,35E-02 6,28E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) – RG2 

SAV2686 leuC  3-isopropylmalate dehydratase subunit large 5,40 3,60E-06 4,89E-04 

SAV2723 rocA  delta-1-pyrroline-5-carboxylate dehydrogenase 1,65 4,77E-03 1,67E-01 

SAV2732 ilvN acetolactate synthase subunit small 4,38 1,57E-06 2,38E-04 

SAV2733 ilvB1 acetolactate synthase subunit large 4,75 3,08E-08 9,47E-06 

SAV4350 paaE 
 phenylacetic acid degradation NADH 

oxidoreductase 
4,19 4,73E-09 5,18E-06 

SAV4351 paaD  phenylacetic acid degradation protein 2,43 8,01E-03 2,50E-01 

SAV4352 paaC  phenylacetic acid degradation protein 1,59 2,33E-02 5,41E-01 
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Table S7 - Amino acids metabolism differentially expressed genes in the mutant strains CAM.02 (sodF) and 

CAM.04 (ahpCD) – SAV probes (continuation) 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
 p value 

SAV4353 paaB  phenylacetic acid degradation protein 5,34 9,51E-07 1,48E-04 

SAV4354 paaA  phenylacetic acid degradation protein 5,60 1,01E-05 1,18E-03 

SAV4358 paaZ  dehydrogenase 3,36 9,26E-04 4,21E-02 

SAV4362 bkdA 
 3-methyl-2-oxobutanoate dehydrogenase 

lipoamide 
5,46 1,81E-07 3,51E-05 

SAV4363 bkdB 
 3-methyl-2-oxobutanoate dehydrogenase 

lipoamide 
5,05 2,11E-09 5,18E-06 

SAV4364 bkdC  dihydrolipoamide acyltransferase 4,20 3,98E-06 5,28E-04 

SAV4655 gadB2  glutamate decarboxylase 1,54 2,00E-04 1,17E-02 

SAV4736 serB1  3-phosphoserine phosphatase 1,80 1,70E-03 7,26E-02 

SAV5601 leuA2  2-isopropylmalate synthase 5,03 4,05E-07 7,06E-05 

SAV6210 aroH2 chorismate mutase 1,11 1,06E-02 3,11E-01 

SAV6213   amino acid decarboxylase 2,09 2,97E-04 1,61E-02 

SAV1627 kbl  2-amino-3-oxobutyrate:CoA ligase -1,79 1,96E-02 4,89E-01 

SAV1628 tdh  threonine 3-dehydrogenase -1,98 6,41E-03 2,11E-01 

SAV2916 thrB homoserine kinase -1,34 3,80E-02 7,55E-01 

SAV6763 hutH1 histidine ammonia-lyase -2,67 1,45E-02 1,55E-03 

SAV6763 argC  N-acetyl-gamma-glutamyl-phosphate reductase -1,04 1,19E-02 3,43E-01 

SAV6764 argJ 
glutamate N-acetyltransferase/amino-acid N-

acetyltransferase 
-2,12 2,02E-02 4,97E-01 

SAV6778 argG2  argininosuccinate synthase -2,38 5,87E-03 1,97E-01 

SAV6779 argH  argininosuccinate lyase -2,44 6,46E-03 2,11E-01 

CAM.02 (sodF) vs WT – S/P 

SAV2730  serA  D-3-phosphoglycerate dehydrogenase  1,84 3,45E-02 8,80E-01 

SAV6175  trpC  indol-3-glycerol phosphate synthase 1,54 3,42E-02 8,80E-01 

SAV6327 hcaC1 ferredoxin subunit of phenylpropionate dioxygenase 1,17 3,07E-02 8,80E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) – S/P  

SAV0801 argG1 argininosuccinate synthase -1,81 2,61E-02 0,99E+01 

SAV2730 serA D-3-phosphoglycerate dehydrogenase -2,10 1,78E-02 0,99E+01 

SAV6175 trpC indole-3-glycerol phosphate synthase -1,45 4,44E-02 0,99E+01 

SAV6778 argG2 argininosuccinate synthase -1,64 4,63E-02 0,99E+01 
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Table S8 - Phosphate metabolism differentially expressed genes in the mutant strains CAM.02 (sodF) and 

CAM.04 (ahpCD) – SAV probes 

SAV 
code 

Gene 
Name 

Description log2 FC p value 
adjusted 
p value 

CAM.02 (sodF) vs WT - RG2 

SAV4075  pstB  phosphate ABC transporter ATP-binding protein  -1,06 9,97E-03 3,11E-01 

CAM.04 (ahpCD) vs WT - RG2 

SAV3972  phoP two-component system response regulator 1,82 7,02E-03 4,81E-01 

SAV3973  phoR two-component system sensor kinase 1,92 1,42E-03 4,54E-01 

SAV3974  phoU two-component system modulator 1,45 6,96E-03 4,81E-01 

SAV4069   ppk polyphosphate kinase 1,23 4,56E-03 4,62E-01 

SAV4073  pstC phosphate ABC transporter permease protein 1,73 2,81E-02 8,54E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) – RG2 

SAV3972 phoP  two-component system response regulator 1,90 3,77E-03 1,40E-01 

SAV3973 phoR  two-component system sensor kinase 2,47 3,08E-04 1,65E-02 

SAV3974 phoU  phosphate transport system regulatory protein 1,43 7,75E-03 2,45E-01 

SAV4069 ppk  polyphosphate kinase 1,82 1,37E-04 8,30E-03 

SAV4073 pstC  phosphate ABC transporter permease protein 2,19 7,36E-03 2,36E-01 

SAV4075 pstB 
 phosphate ABC transporter ATP-binding 

protein 
1,89 5,92E-05 4,24E-03 

SAV6380 phoB  secreted acid phosphatase 1,46 3,76E-02 7,55E-01 

CAM.02 (sodF) vs WT – S/P 

SAV3973  phoR two-component system sensor kinase 1,24 2,63E-02 8,80E-01 

SAV3974   phoU two-component system modulator 1,05 4,16E-02 8,80E-01 

SAV4075  pstB  phosphate ABC transporter ATP-binding protein  1,04 1,12E-02 8,80E-01 

SAV5971 phoC acid phosphatase  1,37 3,63E-02 8,80E-01 
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Table S9 - Differentially expressed genes in the mutant strains CAM.02 (sodF) and CAM.04 (ahpCD) - SNA 

probes 

Gene  
Name 

Description log2 FC p value 
adjusted 
 p value 

CAM.02 (sodF) vs WT - RG2 

korA transcriptional regulator 1,01 3,32E-01 1,60E-01 

pimL L-amino acid ligase -1,57 3,82E-02 5,37E-01 

pimM LuxR-family transcriptional regulator  -1,62 4,46E-02 5,50E-01 

pimA ABC transporter -2,54 1,32E-02 3,51E-01 

pimB ABC transporter -2,37 1,05E-02 3,15E-01 

pimE cholesterol oxidase -1,81 4,66E-02 5,52E-01 

pimC sensory transduction protein -1,81 4,85E-02 5,58E-01 

pimF ferrodoxin -1,76 3,48E-02 5,25E-01 

pimS1 polyketide synthase -1,96 4,71E-02 5,54E-01 

pimH macrolide efflux pump -2,94 1,03E-07 5,99E-05 

CAM.04 (ahpCD) vs WT - RG2 

pimL L-amino acid ligase 2,30 4,01E-03 4,54E-01 

phoP Two-component system response regulator 1,97 6,92E-03 4,81E-01 

phoR Two-component system sensory kinase 1,92 1,08E-03 4,37E-01 

phoU Two-component system modulator 1,85 2,88E-03 4,54E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) – RG2 

pimL L-amino acid ligase 3,86 2,54E-05 2,18E-03 

pimN LuxR-family transcriptional regulator 1,19 3,06E-03 1,18E-01 

pimH macrolide efflux pump 3,34 1,40E-08 6,52E-06 

phoP Two-component system response regulator 2,01 5,86E-03 1,97E-01 

phoR Two-component system sensory kinase 2,44 9,93E-05 6,59E-03 

phoU Two-component system modulator 1,57 9,30E-03 2,79E-01 

sngA gamma-butyrolactone biosynthesis protein 1,56 4,89E-02 8,85E-01 

sngR 
gamma-butyrolactone autoregulator receptor 

protein 
1,98 1,32E-02 3,66E-01 

CAM.02 (sodF) vs WT – S/P 

pimH Macrolide efflux pump 2,13 9,67E-06 4,18E-03 

phoR Two-component system sensory kinase 1,08 4,39E-02 8,80E-01 

phoU Two-component system modulator 1,28 2,96E-02 8,80E-01 

CAM.04 (ahpCD) vs WT – S/P 

pimS4 Polyketide synthase 2,52 2,32E-02 3,39E-01 

pimS3 Polyketide synthase 2,38 4,02E-02 3,45E-01 

pimS2 Polyketide synthase 2,77 2,75E-02 3,39E-01 

pimI Thioesterase 2,69 2,25E-02 3,39E-01 

pimJ Mycosamine dehydratase 3,03 2,03E-02 3,39E-01 

pimH Macrolide efflux pump 1,10 6,06E-03 3,39E-01 

CAM.04 (ahpCD) vs CAM.02 (sodF) – S/P 

pimH 
 

-1,02 1,01E-02 0,99E+01 
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Abstract

Streptomyces secondary metabolism is strongly affected by oxygen availability. The increased culture aeration enhances
pimaricin production in S. natalensis, however the excess of O2 consumption can lead to an intracellular ROS imbalance that
is harmful to the cell. The adaptive physiological response of S. natalensis upon the addition of exogenous H2O2 suggested
that the modulation of the intracellular ROS levels, through the activation of the H2O2 inducible catalase during the late
exponential growth phase, can alter the production of pimaricin. With the construction of defective mutants on the H2O2

related enzymes SodF, AhpCD and KatA1, an effective and enduring modulation of intracellular ROS was achieved.
Characterization of the knock-out strains revealed different behaviours regarding pimaricin production: whilst the
superoxide dismutase defective mutant presented low levels of pimaricin production compared to the wild-type, the
mutants defective on the H2O2-detoxifying enzymes displayed a pimaricin overproducer phenotype. Using physiological
and molecular approaches we report a crosstalk between oxidative stress and secondary metabolism regulatory networks.
Our results reveal that the redox-based regulation network triggered by an imbalance of the intracellular ROS homeostasis is
also able to modulate the biosynthesis of pimaricin in S. natalensis.
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Introduction

Streptomyces are Gram-positive, filamentous, soil-dwelling bacte-

ria well known for their ability to produce a wide variety of

secondary metabolites [1]. The biosynthesis of secondary metab-

olites occurs in a growth-phase dependent manner and is con-

trolled by environmental and physiological factors [2]. Streptomyces

secondary metabolism is regulated by a complex network that

integrates multiple factors and takes place at different levels: from

the so-called pathway-specific regulatory genes to pleiotropic

regulators which control both secondary metabolism and mor-

phological differentiation.

Streptomycetes secondary metabolism is an aerobic process and

thus affected by oxygen availability. However, high levels of

molecular oxygen consumption can lead to the formation of

reactive oxygen species - ROS (hydrogen peroxide, H2O2;

superoxide radicals, O2
N2 and hydroxyl radicals, HON) that can

damage cell components such as proteins, nucleic acids and lipids

[3]. To counteract the toxic effects of ROS, microorganisms have

developed an adaptive response that extends from the modulation

of gene expression to changes in enzymatic and non-enzymatic

activities. The molecular machinery activated by this adaptive

response is able to sense, scavenge ROS and repair the molecular

damage. Concomitantly, it has been suggested that ROS can play

an important role as secondary messengers on cell signalling,

based on reductive-oxidative mechanisms [4–6]. Among ROS,

H2O2 is the best studied as signalling molecule.

The ability to maintain cellular redox balance is essential to all

organisms and is mainly achieved by the conversion of the redox

signals into regulatory outputs, usually at the transcription level,

which allows adaptation to the altered environment. Several

studies suggest that the consequences of the adaptive response to

oxidative stress extend beyond the primary effect of defence into

alterations in the secondary metabolism profile. Although stress-

induced regulatory mechanisms have been globally studied in

Streptomyces, at the present there is a lack of knowledge on the

influence, at the molecular level, of oxidative stress on the

production of secondary metabolites. The S. coelicolor JH11 (DcatR)
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mutant strain that overproduces catalase (CatA), shows a reduced

expression of the alkyl hydroperoxidase system (AhpCD) and

produces lower amounts of actinorhodin [7]. Addition of a redox-

cycling agent (phenazine methosulfate) to S. clavuligerus increases

superoxide dismutase activity and also enhances clavulanic acid

production by inducing the transcription of the pathway-specific

regulator CcaR [8,9]. The authors also report the same effect on

the actinorhodin biosynthesis in S. coelicolor [9].

Streptomyces natalensis produces pimaricin, a 26-member tetraene

macrolide antifungal antibiotic [10], widely used for the treatment

of fungal keratitis and in the food industry to prevent mould

contamination of non-sterile foods such as cheese, sausages, cured

meat, among others. As a polyene, its antifungal activity lies in

its interaction with membrane sterols, not causing membrane

permeabilization as initially thought but inhibiting the sterol-

dependent processes of membrane fusion and fission [11].

Pimaricin is synthesized by the action of a type I modular

polyketide synthase (PKS) and its biosynthetic gene cluster has

been previously sequenced and characterized [12]. The gene

cluster contains 19 open reading frames including 5 multifunc-

tional enzymes (PimS0-PimS4) that harbor 13 PKS modules [10],

and 14 additional proteins involved in post-PKS modification of

the polyketide skeleton (tailoring enzymes), export and regulation

of gene expression [13–18]. Among these are two pathway-specific

regulators, PimR and PimM. PimR is the archetype of a new class

of regulators that combines an N-terminal domain corresponding

to the SARP (Streptomyes antibiotic regulatory protein) family of

transcriptional activators with a C-terminal homologous to

guanylate cyclases and large ATP-binding regulators of the LuxR

family (LAL)[13] . PimM combines an N-terminal PAS domain

with a C-terminal helix–turn–helix (HTH) motif of the LuxR type

[14,19]. Both proteins seem to play an independent positive

regulatory role in pimaricin biosynthesis by the transcriptional

activation of different target genes. Additionally, a cholesterol

oxidase encoding gene (pimE) is located in the centre of the cluster

and although not classified as a pathway-specific regulator, it

presents an important role, not yet fully understood, in the

signaling transduction cascade leading to pimaricin biosynthesis

[15].

Like in other streptomycetes, secondary metabolism in S.

natalensis seems to be regulated in response to a variety of

nutritional and environment signals in a growth-phase dependent

manner [20]. In this study we present evidence for a functional

molecular crosstalk between ROS homeostasis and secondary

metabolism in S. natalensis. Using a combined approach of

physiological and molecular characterization we present evidence

that intracellular H2O2 levels are important to elicit pimaricin

biosynthesis, particularly during late exponential phase. Modula-

tion of intracellular H2O2 levels, either by prompting an adaptive

response of S. natalensis to H2O2-induced oxidative stress or by the

construction of knock-out mutants on the main H2O2-related

enzymes, altered the pimaricin production profile.

Results

S. natalensis presents a catalase activity profile
dependent on the growth-phase

In YEME liquid medium S. natalensis ATCC 27448 presents a

typical growth curve, pimaricin is first detected during the late

exponential phase and its production occurs until mid-stationary

phase (Fig. 1A). For experimental purposes and in agreement to

what was previously described for S. coelicolor [21,22], the S.

natalensis growth curve was divided into four growth stages: an

early exponential phase characterized by a rapid growth (RG1);

after a brief transition phase linked with the ‘‘metabolic switch’’

[23], there is a second rapid growth phase (RG2) with a lower

growing rate that overlaps with the late exponential phase.

Afterwards the cultures enter into the stationary phase (S). We

have divided the stationary phase into an early- to mid-stationary

phase when pimaricin biosynthesis occurs (S/P), and a late

stationary phase, when pimaricin is no longer being synthesized by

S. natalensis (S/NP) (Fig. 1A).

Regarding ROS homeostasis, catalases are key enzymes that

have the ability to scavenge H2O2. The catalase activity profile of

S. natalensis was monitored along the growth curve in YEME liquid

medium (Fig. 1A). Total catalase activity gradually decreased

during the exponential phase and at early stationary phase

presented low levels (,2 U mg21). These low levels of catalase

activity were maintained until mid-stationary phase and then a

continuous increase was observed until the late stationary phase.

Like S. coelicolor [24,25] and S. avermitilis (Fig. S1), S. natalensis

presents a growth-dependent behaviour of catalase activity.

However, whereas S. coelicolor and S. avermitilis present a constant

increase in catalase activity from the early exponential to the late

stationary phases, S. natalensis profile showed low levels of catalase

activity during RG2 and S/P phases, the pimaricin production

phases. Furthermore, when compared to other Streptomyces strains,

in particular S. coelicolor and S. avermitilis, the overall levels of total

catalase activity in S. natalensis are considerably lower (Fig. S1).

Cell free protein extracts were also analysed by catalase activity

staining after native PAGE (Fig. 1B). Two activity bands were

detectable suggesting the expression of at least two catalase

enzymes in S. natalensis under the conditions tested (Fig. 1B). A

lower molecular weight band whose intensity increased during

exponential phase up to RG2 phase and disappeared as the culture

entered into the stationary phase. During stationary phase, a new

activity band was induced contributing to the increase in total

catalase activity quantified spectrophotometrically. When gels

were stained for peroxidase activity, no activity was detected under

the conditions tested (data not shown). To further confirm the

absence of a bifunctional catalase peroxidase encoding gene, a

common H2O2-dismutating enzyme in this bacterial group, a

Southern and an immunoblot analysis were performed on

genomic DNA (an internal probe from S. coelicolor catalase-

peroxidase encoding gene was used) and on cytoplasmatic and

extracytoplasmatic protein extracts from S. natalensis (using a

primary antibody raised against a catalase-peroxidase purified

from S. reticuli [26]) respectively. In both cases no positive signal

was detected (data not shown).

Concerted regulation of katA1 and ahpC in response to
H2O2

To study the response of S. natalensis ATCC 27448 to exogenous

H2O2, total specific catalase activity was measured in cultures

challenged with H2O2. Three different H2O2 concentrations were

tested, 0.1 mM, 1 mM and 10 mM. Addition of 10 mM H2O2 at

RG1 phase severely impaired growth of S. natalensis, and catalase

activity induction with 1 mM H2O2 was 1.7-fold higher than with

0.1 mM (data not shown). Therefore, studies of catalase activity

inducibility were carried out adding 1 mM H2O2 to the culture

broth at RG1, RG2, S/P and S/NP phases. Specific catalase

activity was measured in protein extracts collected 1 h after H2O2

insult (Fig. 2A). Addition of H2O2 prompted an increase in total

catalase activity except in the RG2 phase where no induction of

catalase activity was observed. Additionally, analysis of the protein

extracts from RG1 phase by native PAGE revealed that the

addition of H2O2 induces the catalase that is active during the

stationary phase (Fig. 1C).

Regulation of Secondary Metabolism by H2O2
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To further analyze the changes triggered by H2O2 at the

proteome level two dimensional (2D) gel electrophoresis was

carried out to compare the proteome of H2O2-treated and non-

treated cultures. Protein expression differences of the 2D gels were

analyzed using appropriate software tools (PDQuest, Biorad). The

analysis revealed 43, 81, 121 and 39 differences in the RG1, RG2,

S/P and S/NP phases, respectively. Among those changes it was

detected, in H2O2-treated cultures, an 17.7- (during RG1 phase)

and an 3.7-fold (in RG2 phase) induction of the alkyl hydro-

peroxide reductase (AhpC) protein, a component of the alkyl

hydroperoxidase reductase system which exhibits activity against

H2O2, organic peroxides and peroxynitrite (Fig. 2B). These results

suggest that the H2O2 added at RG2 phase was detoxified through

the action of the alkyl hydroperoxidase reductase system.

In S. coelicolor, the induction of the catalase by H2O2 is regulated

in an iron-dependent manner by the fur-like protein CatR [7]. To

assess the sensitivity of catalase induction to H2O2 in the presence

of an excess of iron, total catalase activity was measured in iron-

supplemented (20 mM FeSO4) cultures with and without the

addition of H2O2 (Fig. 2A). Under these conditions, during RG1

and S/P phases the same behaviour was observed regarding

catalase response to H2O2. However, induction of catalase activity

was also observed at the RG2 phase whereas the protein levels of

AhpC did not change significantly (Fig. 2B). These results suggest

an iron dependent crosstalk between the regulation of these two

main H2O2 scavenging enzymes. RT-qPCR analysis was per-

formed to confirm this concerted regulation between the catalase

and the alkyl hydroperoxidase reductase system (Fig. 3). The

results showed that the increase in total catalase activity during the

exponential phase was due to an increase of the transcript levels of

katA1. The transcripts of the H2O2-sensing regulator catR were also

increased, suggesting the presence of a similar mechanism to

that of S. coelicolor [7]. The ahpC and oxyR (the H2O2-sensing

transcriptional regulator of the AhpCD system; see below)

transcriptional profiles in iron-supplemented cultures (Fig. 3), are

reflected in the AhpC protein expression profile (Fig. 2B) i.e. in the

presence of iron, during RG2 phase, H2O2 was detoxified mainly

by the action of the catalase.

The adaptive response triggered by H2O2 modulates
pimaricin biosynthesis

The adaptive response prompted by the addition of H2O2 in

iron-supplemented cultures reflected in an increase in the total

catalase activity, particularly during exponential phase. In E. coli,

catalase is described as a more efficient enzyme at high levels of

H2O2, whilst AhpC being a more efficient scavenger of trace

H2O2 generated endogenously [27]. Induction of total catalase

activity in iron-supplemented cultures reflected in a transient and

Figure 1. Pimaricin production and antioxidant growth-dependent profile of S. natalensis. (A) Growth (??N??), catalase activity (–D–) and
pimaricin production (2&2) of S. natalensis ATCC 27448 in YEME medium. Growth phases are indicated by solid lines at the top of the graph.
Vertical bars indicate standard deviation of the mean values. Data are the average of triplicates from three independent experiments. (B)Native PAGE
of cell extracts (30 mg protein per lane) from S. natalensis stained for catalase activity. S. natalensis was grown in YEME medium and samples were
collected during the defined four growth phases (see Material and Methods): RG1, RG2, S/P and S/NP. Arrows show the two detectable catalase
activity bands. (C) Native PAGE stained for catalase activity of cell extracts from S. natalensis ATCC 27448 cultures collected during RG1 phase after
1 mM H2O2 insult (+).
doi:10.1371/journal.pone.0027472.g001
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reversible decrease in H2O2 intracellular levels, particularly during

RG2 phase when a decrease of 25.6% in H2O2 intracellular

concentration, 1 h after the H2O2 insult, was observed (data not

shown). To determine whether the pimaricin production in S.

natalensis is affected by the temporary redox imbalance created by

the adaptive response to H2O2, pimaricin yields at 72 h were

measured in the culture broths of H2O2-induced iron supple-

mented cultures (Fig. 4). When the H2O2 stimulus was introduced

during RG1 phase no significant alteration in pimaricin yield was

observed. However, when H2O2 stimulus was introduced during

late exponential phase (RG2) the pimaricin yield was reduced to

62.5% of the production in the control culture (without the H2O2

stimulus). Although less pronounced, a decrease in pimaricin

production (ca 10%) was also observed in cultures with H2O2-

stress induced at S/P phase.

Cloning of genes related with H2O2 from S. natalensis
The results from the native PAGE and 2D analyses showed the

existence in the S. natalensis ATCC 27448 genome of genes coding

for at least one H2O2 inducible monofunctional catalase (Fig. 1B),

a Fe and Ni-containing SOD (Fig. 5A) and an alkyl hydroperoxide

reductase (Fig. 2B). To clone those encoding genes we screened a

S. natalensis ATCC 27448 cosmid library [10] with probes KA1,

internal to katA1, AHP internal to ahpC and SF internal to sodF (see

Materials and Methods).

A 2.4 kb Nco I fragment from cosmid A1, was found to

hybridize with probe KA1. The fragment was cloned into Nco I-

digested pGEMH-T Easy vector and sequenced. The fragment was

2430 bp and in silico analysis of the fragment showed the presence

of two complete open reading frames (ORFs), katA1 (1464 bp) and

catR (423 bp), divergently transcribed and separated by 161 bp

(Fig. S2A). Both genes presented an overall codon usage pattern in

good agreement with that of typical Streptomyces genes. The product

of katA1 (487 amino acids with a deduced molecular mass of

54 kDa) showed high sequence identities with other Streptomyces

monofunctional catalases particularly with the whole protein of

SAV_3052 (87% identity), a putative catalase from S. avermitilis

MA-4680. Like most monofunctional catalases, two conserved

domains are identified in KatA1: in the N-terminal region of the

protein it is found the catalase active site motif (amino acids 47 to

63) and in the C-terminal region the heme-ligand motif (amino

acids 337 to 345). Upstream and divergently transcribed from

katA1, catR was identified. CatR protein is 140 amino acids long

and showed high sequence identity with other Streptomyces PerR

like members of the Fur family of proteins (78% to 83% identity),

in particular with hydrogen peroxide sensitive repressors. It

contains the four cysteine residues conserved in PerR like proteins

(C92-X2-C95 and C132-X2-C135) involved in structural Zn2+

Figure 2. S. natalensis response to H2O2 induced stress. (A)
Induction of catalase activity by addition of H2O2 at different growth
stages in control and iron supplemented cultures. Protein extracts were
prepared from S. natalensis cultures collected 1 hour after 1 mM H2O2

(final concentration) treatment or an equal volume of water as the
untreated control. Induction of catalase activity by H2O2 treatment was
assessed at the four defined growth stages (see Material and Methods):
RG1, RG2, S/P and S/NP. Results (average of triplicates and standard
deviation) are representative of three independent experiments. The
differences between treated and untreated samples at each time point
were assessed by independent t-test. *, statistically significant (P,0.01).
(B) Induction of AhpC expression by H2O2 induced stress. Protein
extracts were analysed by comparative 2D gel electrophoresis to assess
the expression profile of the S. natalensis proteome under induced
stress conditions. The protein profile of the identified AhpC spot
(indicated by an arrow) is enlarged. Fold variations of the AhpC spot
between H2O2-treated and untreated samples are indicated in the top
left of the H2O2-treated panels. Fold variations reflect the 2D-gel
analysis of three independent experiments.
doi:10.1371/journal.pone.0027472.g002

Figure 3. Transcriptional analysis of ahpC, oxyR, katA1 and catR.
Transcription profiles of the monofuncional catalase (katA1) and alkyl
hydroperoxide reductase (ahpC) encoding genes and their transcrip-
tional regulators, catR and oxyR, in S. natalensis ATCC 27448 upon a
H2O2 insult. The transcription of ahpC, oxyR, katA1 and catR was
evaluated by RT-qPCR from S. natalensis grown in YEME medium and
samples collected 30 min after 1 mM H2O2 treatment (+) or an equal
volume of water as the untreated control (-).H2O2 treatments were
applied independently during the early exponential phase (RG1) and
late exponential phase (RG2). The Mean Normalized Fold Expression
(6standard errors) of the target genes was calculated relative to the
transcription of the reference genes (16 S rDNA and lysA) and the
reaction internal normalization was performed using the sample from
cells collected immediately before H2O2 addition to the culture broth
(not shown). Results (average of triplicates and standard deviation) are
representative of three independent experiments.
doi:10.1371/journal.pone.0027472.g003
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binding as well as the two histidine residues (H32 and H87) involved

in Fe2+ (or Mn2+) coordination [28,29].

A 1.8 kb Apa I fragment from cosmid SF6 was found to

hybridize with probe SF internal to sodF. The fragment was cloned

into Apa I-digested pGEMH-T Easy vector and sequenced. The

fragment was 1775 bp and in silico analysis of the fragment showed

the presence of one complete ORF, sodF (642 bp) (Fig. S3A).

Comparison of the protein encoded by sodF (213 aa) with the non-

redundant protein sequence database (NCBInr) revealed high

sequence identity (91 to 95% identity over the whole protein

sequence) with FeZn superoxide dismutase proteins from Strepto-

myces. Analysis of the deduced amino acid sequence of SodF

revealed the presence of the four conserved residues involved in

binding to the metal cofactor (H28, H76, D165 and H169) [30], two

of them included in the SOD conserved motif [D165-A-W-E-H-A-

F-Y172] [31]. Furthermore, the upstream genomic region of the

sodF gene revealed the presence of the Ni-responsive regulatory

motif (TTGCAN7TGCAA) suggested to be involved in the nickel

dependent transcriptional repression of sodF [32].

A 3.75 kb Bam HI fragment from cosmid X10 was found to

hybridize with probe AHP internal to ahpC. The fragment was

cloned into Bam HI-digested pUC19 vector and sequenced. The

nucleotide sequence analysis of the fragment revealed three

complete ORFs: ORF1 (627 bp), oxyR (960 bp), ahpC (555 bp)

and ahpD (534 bp) (Fig. S4A). The deduced protein sequences of

oxyR, ahpC and ahpD showed high sequence identities with

counterparts from Streptomyces, in particular a hydrogen peroxide

sensing regulator of the LysR-family, an alkyl hydroperoxide

reductase and an alkylhydroperoxidase respectively. The three

conserved catalytic cysteine residues described to be involved in

the peroxidatic activity of Mycobacterium tuberculosis AhpC [33] were

identified in S. natalensis AhpC (C51, C164 and C166). Additionally,

the conserved motif CXXC of electron transport proteins was

identified in S. natalensis AhpD (C131 and C134). ORF1 codes for a

putative protein of unknown function that shows high identity with

protein SGR3203 from S. griseus.

Knock-out mutants on the identified anti-oxidant encoding

genes were constructed by replacing the target gene with an

apramycin resistance cassette using the PCR targeting method (see

Material and Methods) [34]. Three mutant strains were isolated:

CAM.02 (DsodF::aac(3)IV-oriT), CAM.04 (DahpCD::aac(3)IV-oriT)

and CAM.05 (DkatA1::aac(3)IV-oriT) (Table 1) and their identity

was confirmed by Southern blot and PCR analyses (Supplemen-

tary material; Fig. S2, S3, S4). In the case of CAM.05 (DkatA1)

mutant, to further confirm the identity of KatA1 as being

inducible by H2O2, CAM.05 strain was challenged with a H2O2

insult during RG1 phase. The mutant strain was unable to induce

catalase activity confirming that the catalase encoded by katA1 is

inducible by H2O2 (data not shown). Antifungal activity and the

identity of pimaricin produced by the knock-out mutants were

confirmed by bioassay and ultra performance liquid chromatog-

raphy (UPLC), respectively (data not shown).

All three mutants grew normally in liquid and solid media.

However, the CAM.05 mutant was unable to form aerial mycelia

and to sporulate in solid media. This phenotypic trait hampered

strain manipulation, in particular mutant complementation and

pimaricin production assays. DNA delivery methodologies such as

transformation or intergeneric conjugation using mycelium have

Figure 4. Pimaricin specific production in H2O2 growth
dependent induced cultures. S. natalensis ATCC 27448 was grown
in iron-supplemented YEME medium, and pimaricin specific yield (per
mg of total protein) measured at 72 h. 1 mM (final concentration) H2O2

was added to the culture broth either at the RG1, RG2 or S/P phase.
Data are the means from three independent experiments. To assess the
presence of significant differences between the tested growth phases, a
one-way ANOVA was performed followed by post-hoc test (Tukey test;
GraphPad Prism) in which each condition was compared to the control
situation (pimaricin production without H2O2 addition; 100%). *,
statistically significant (P,0.01); ns, not statistically significant.
doi:10.1371/journal.pone.0027472.g004

Figure 5. Lack of SOD activity in strain CAM.02 decreases
intracellular H2O2 levels. (A) Native PAGE of cell extracts (30 mg
protein per lane) from S. natalensis ATCC 27448 (upper panel) and S.
natalensis CAM.02 (lower panel) stained for SOD activity. S. natalensis
strains were grown in YEME medium and cells collected on the four
previously defined growth stages. NiSO4 20 mM (final concentration)
was added to the YEME medium for the induction of sodN expression.
(B) Intracellular H2O2 levels in S natalensis ATCC 27448 (WT) and SodF
defective mutant (CAM.02) at RG2 growth phase. Values are means
from two independent experiments. To assess the presence of sig-
nificant differences between the tested condition, a one-way ANOVA
was performed followed by post-hoc test (Tukey test; GraphPad Prism)
in which each condition was compared to the control situation (wild-
type strain intracellular H2O2 levels in Ni non-supplemented cultures;
100%). *, statistically significant (P,0.01).
doi:10.1371/journal.pone.0027472.g005
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been unfruitful for S. natalensis [35] and additionally, pimaricin

production yields are significant lower when vegetative mycelium

is used as inoculum [36]. This morphological phenotype is

different from that reported for the S. coelicolor mutant strain

YD9147, a catA defective mutant [37], that sporulated normally on

R2YE medium.

Loss of SOD activity decreases pimaricin production
Superoxide dismutase (SOD) enzymes catalyze the dismutation

of the superoxide anion radical into H2O2 and O2. Two types of

SODs have been characterized in Streptomyces, a nickel containing

SOD (NiSOD) and both iron and zinc containing SOD

(FeZnSOD) [38,39]. Native PAGE analysis of S. natalensis crude

extracts (Fig. 5A) showed a band with SOD activity corresponding

to a FeZnSOD expressed constitutively throughout the growth

curve. It has been reported a nickel dependent regulatory system

that controls the expression of either the NiSOD or the FeZnSOD

in S. coelicolor and S. griseus, i.e., in the presence of nickel ions

NiSOD is preferentially expressed whereas FeZnSOD expression

is down-regulated [39,40]. The presence of the Ni-responsive

regulatory motif upstream from sodF suggests a similar regulation

mechanism in S. natalensis. Indeed, in NiSO4 (20 mM) supplement-

ed cultures, a second band displaying SOD activity can be

observed in S. natalensis (Fig. 5A) suggesting the presence of a

NiSOD. Moreover, the transcription of sodF was repressed in Ni-

supplemented cultures as assessed by RT-qPCR (data not shown).

When protein extracts from the sodF defective mutant (CAM.02)

were analyzed by native PAGE, no FeZnSOD band was detected

but it was still observed the band corresponding to the NiSOD in

Ni-supplemented cultures (Fig. 5A).

SOD enzymes are key enzymes involved in intracellular ROS

homeostasis. Deleting the FeZnSOD encoding gene created an

imbalance in the intracellular ROS concentration of CAM.02

strain, throughout the growth curve. In particular, intracellular

H2O2 levels at RG2 phase (when pimaricin biosynthesis begins)

decreased 33% in CAM.02 mutant when compared to the wild-

type. Ni-supplementation of the CAM.02 culture broth restored

H2O2 to wild-type levels (Fig. 5B).

Quantification of pimaricin at 72 h in culture broths of

CAM.02 strain grown in YEME medium, showed that the

pimaricin specific production of the mutant strain was 8.2% of the

wild-type. Interestingly, the pimaricin specific production was

increased in CAM.02 mutant grown in Ni-supplemented medium

(34.3% of the wild-type). Complementation of the CAM.02 with

sodF under its own promoter restored pimaricin production to

wild-type levels (Table 2).

Mutants defective in either H2O2 detoxification enzymes
show a pimaricin overproducer profile

To counteract the increase in intracellular H2O2 levels,

microorganisms have enzymes that present H2O2-scavenging

activity such as catalases and the alkyl hydroperoxide reductase

system. The S. natalensis mutants defective on such H2O2-

detoxifying enzymes, CAM.04 (DahpCD) and CAM.05 (DkatA1)

showed different phenotypic traits but both behaved as pimaricin

overproducers, reaching 130% and 156% of the pimaricin

produced by the wild-type strain, respectively (Table 2). Also, it

is worth noting that the pimaricin overproducer behaviour of the

mutant strains, CAM.04 and CAM.05, was enhanced by the

addition of H2O2 to the culture broths during RG2 phase

(Table 2). Finally, complementation of the CAM.04 with ahpCD

under its own promoter restored pimaricin production to the wild-

type levels (Table 2).

The intracellular H2O2 levels of the S. natalensis CAM.04

(DahpCD) strain were higher than those of the wild-type strain,

particularly during RG1 phase with a 3-fold increase (Fig 6C).

During RG2 and S/P growth phases the H2O2 levels were 30% to

40% above the wild-type strain levels (Fig. 6C). Concomitantly

Table 1. Strains and plasmids used in this study.

Strain or plasmid Description Reference

Strain

S. natalensis

ATCC 27448 Wild-type strain [62]

CAM.02 sodF loci replaced by the oriT-aac(3)IV cassette; DsodF::aac(3)IV-oriT This study

CAM.04 ahpCD loci replaced by the oriT-aac(3)IV cassette; DahpCD::aac(3)IV-oriT This study

CAM.05 katA1 loci replaced by the oriT-aac(3)IV cassette; DkatA1::aac(3)IV-oriT This study

E. coli

DH5a General cloning strain [63]

ET12567 Non-methylating strain used for conjugation with Streptomyces [64]

BW25113 Strain used for PCR-targeted mutagenesis [65]

BT340 DH5a [pCP20] [66]

Cosmids & Plasmids

pGEM-T Easy General cloning vector Promega

pSET152neo pSET152 derivative, neo [17]

pIJ773 oriT aac(3)IV [34]

pUZ8002 Mobilization plasmid; neo [67]

A1 Cosmid from genomic library of S. natalensis ATCC 27448; katA1 catR This study

SF6 Cosmid from genomic library of S. natalensis ATCC 27448; sodF This study

X10 Cosmid from genomic library of S. natalensis ATCC 27448; oxyR ahpCD This study

doi:10.1371/journal.pone.0027472.t001
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with the high H2O2 intracellular levels, the total catalase specific

activity, namely during the exponential growth phases (RG1 and

RG2), had a significant boost, reaching a 30-fold increase in RG1

phase when compared to the wild-type (Fig. 6A). Native PAGE

analysis showed that the increase in catalase activity is due to the

increase of the levels of the catalase inducible by H2O2 (data not

shown). Regarding total specific SOD activity, CAM.04 showed a

similar profile to the wild-type, although with lower activities

(Fig. 6B).

The high levels of intracellular H2O2 present a vulnerability to

the CAM.04 strain because of the H2O2 reduction to the highly

toxic HON by the metal-catalysed Fenton reaction. To determine

the outreach of such toxicity regarding pimaricin biosynthesis,

CAM.04 strain was grown in iron-supplemented medium and

pimaricin specific production was assessed with and without the

addition of H2O2 to the culture broth (Table 2). In both situations

the overproducer phenotype of the CAM.04 strain persisted

(174% and 156% of the pimaricin produced by the wild-type,

respectively).

Discussion

Optimization of the strain ideal aeration conditions in

submerged cultures is an essential step of industrial fermentation

processes as microbial secondary metabolism is strongly affected

by oxygen availability. Previous studies have shown that pimaricin

production is highly dependent on dissolved oxygen levels, namely

an increase in culture aeration lead to higher yields of pimaricin

[36]. However, an increased consumption of O2 can generate

ROS that would trigger an adaptive response in order to sense and

scavenge ROS and repair the damage in cell components. In this

work we addressed the role of ROS homeostasis, in particular

intracellular H2O2 levels, and of the adaptive response triggered

by H2O2, on the production of pimaricin by S. natalensis ATCC

27448.

Catalases play a key role in ROS homeostasis due to their ability

to perform the dismutation of H2O2 into water and molecular

oxygen. Analysis of catalase activity in crude extracts of S. natalensis

showed that, under the conditions tested, two different catalases

contribute to the specific total catalase activity profile presented by

S. natalensis. The expression of both catalases is growth-phase

dependent (Fig. 1B): while one catalase was mainly active during

the exponential growth phases (RG1 and RG2) the second catalase

was present during the stationary phase. Characterization of the

response of S. natalensis wild-type and CAM.05 (DkatA1) strains to

exogenous H2O2 allowed us to confirm that the stationary phase

specific catalase from S. natalensis (KatA1) is inducible by H2O2.

However, its behaviour regarding the response to H2O2 was

considerably different from that of S. coelicolor [24,41]. During RG2

phase no induction of catalase activity was observed upon the

addition of H2O2. Instead, an increase in the expression of the

alkyl hydroperoxide reductase protein (AhpC) suggested a

detoxification of H2O2 by the alkyl hydroperoxide system

(AhpCD). Conversely, in iron supplemented cultures, an induction

of total catalase activity is achieved during RG2 phase, whereas no

induction of the AhpC expression is observed. Thus, in the

presence of an excess of iron, H2O2 was being detoxified mainly

by the action of the monofunctional catalase, KatA1. In S.

coelicolor, the two main H2O2 scavenging enzymes (CatA and

AhpCD) are regulated independently by two proteins able to sense

H2O2, CatR and OxyR [42], respectively. During the early

exponential phase (before the metabolic switch) and stationary

phase, S. natalensis counteracts the addition of H2O2 by inducing

catalase activity. However, during the late exponential phase

(RG2), in order to maintain H2O2 homeostasis, S. natalensis

activates the AhpCD system upon a H2O2 challenge instead of

catalase, which has been described as a more effective enzyme at

high concentrations of H2O2 [27].

Assuming similar tertiary structures between the H2O2-sensing

regulators from S. natalensis (CatRSNA) and S. coelicolor (CatRSCO)

and PerR from Bacillus subtilis , and taking into consideration the

postulated models for CatRSCO and PerR DNA binding

mechanisms [7,28], the behaviour of CatRSNA in iron-supple-

mented experiments led us to hypothesise about its mechanism.

We suggest that the mechanism of sensing H2O2 and DNA

binding activity of CatRSNA is not through disulfide bond

formation between the C-terminal cysteine residues, as proposed

for S. coelicolor [7], but in a metal-dependent manner through the

metal-catalyzed oxidation (MCO) of the histidine residues (H32 or

H87), responsible for iron coordination as postulated for PerR in B.

subtilis [28]. The higher availability of Fe2+ in iron-supplemented

cultures increases the interaction of CatRSNA with Fe2+, enhancing

Table 2. Pimaricin production of S. natalensis mutant strains.

S. natalensis strain (genotype) Conditions
Pimaricin production
(% of WT)a

CAM.02 (DsodF:: oriT-aac(3)IV) - 8.261.45

20 mM NiSO4 34.360.99

pSET-sodF 86.060.22b

CAM.04 (DahpCD:: oriT-aac(3)IV) - 129.964.66

20 mM Fe2+ 156.365.60

10 mM H2O2 @ RG2 169.467.82

20 mM Fe2+ + 10 mM H2O2 @ RG2 174.160.23

pSET-ahpCD 101.260.76b

CAM.05 (DkatA1:: oriT-aac(3)IV) - 15664.05c

1 mM H2O2 @ RG2 203.869.41c

aValues are means of triplicates from three independent experiments; 100% represents the pimaricin production of S. natalensis ATCC 27448 at 72 h in YEME medium.
b100% represents pimaricin production of S. natalensis harbouring pSET152neo at 72 h in YEME medium.
cPimaricin production of S. natalensis CAM.05 strain was assessed at 72 h in YEME medium inoculated with vegetative mycelium. 100% represents the pimaricin
production of S. natalensis ATCC 27448 at 72 h in YEME medium inoculated with vegetative mycelium.

doi:10.1371/journal.pone.0027472.t002
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CatRSNA susceptibility to MCO by H2O2 thus increasing katA1

transcription. However, this needs to be further investigated

experimentally to fully elucidate the CatRSNA H2O2 sensing and

DNA binding mechanism.

The induction of KatA1 activity during RG2 phase by addition

of H2O2 in iron-supplemented cultures lowered the intracellular

H2O2 levels. However the effects of catalase induction went

beyond the adaptive response towards H2O2 and reflected in a

decrease in the specific production of pimaricin by S. natalensis.

Although it was observed a growth phase dependent response,

regarding pimaricin biosynthesis, upon the addition of H2O2 in

iron-supplemented cultures, the harmful effect of hydroxyl radicals

generated by the Fenton reaction may also contribute to the

decrease in the pimaricin specific production during RG2 phase.

Nevertheless, these results suggest that the intracellular levels of

ROS are able to modulate the biosynthesis of pimaricin. Previous

studies had suggested that ROS, in particular H2O2, play an

important role as secondary messengers on cell signalling based on

reductive-oxidative mechanisms [4,43]. We hypothesize that in

iron-supplemented cultures, the ‘‘forced’’ activation of a mono-

functional catalase during RG2 phase, detoxified H2O2 to levels

below those of the wild-type strain, altering the secondary

metabolism regulatory network at the pleiotropic or at the

pathway-specific level. Interestingly, the pimaricin biosynthetic

gene cluster in S. natalensis comprises the positive regulator PimM

which has an N-terminal PAS domain [14]. PAS sensor domains

are able to sense a wide range of signals including cellular redox

status [44]. This feature turns PimM into a possible (in)direct

target of a redox-dependent regulation.

To test the possibility of a regulation of secondary metabolism

by intracellular H2O2, a functional approach was pursued with the

construction of knock-out mutants in genes coding for hydrogen

peroxide related enzymes. The construction of the mutant strains

defective in anti-oxidative enzymes (SodF, KatA1 or AhpCD),

allowed an effective modulation in H2O2 intracellular concentra-

tion in contrast to the punctual imbalance created by the addition

of H2O2 to the culture broth that elicits an adaptive response to

restore normal cell redox status.

An important source of intracellular H2O2 is the dismutation of

superoxide anion by SOD. In fact, the SodF defective mutant, S.

natalensis CAM.02, showed lower levels of intracellular H2O2 along

the growth phase, in particular during RG2 phase with a 30%

decrease (Fig. 5B). Simultaneously, a drastic decrease in the

production of pimaricin was also observed when compared to the

wild-type. In contrast, supplementation of the culture broth with

Ni2+ ions not only increased the expression of the Ni-containing

SOD but also, presumably as a result of the NiSOD action,

increased the intracellular H2O2 levels. These conditions increased

the pimaricin specific production showing a possible correlation

between H2O2 intracellular levels and pimaricin production in S.

natalensis. However it is expected an increase in the intracellular

levels of the superoxide anion in the CAM.02 mutant. As a

consequence, part of the negative effect observed in the pimaricin

production could be related to the toxic effect of the superoxide

anion particularly in the proteins containing iron-sulphur clusters.

Recently, heterologous expression of a FeZnSOD and NiSOD

from S. peucetius in S. clavuligerous and S. lividans increased the

production of clavulanic acid and actinorhodin respectively [45].

The authors ascribe a positive effect of SODs in secondary

metabolite production. The results obtained in S. natalensis lead us

to go further on and suggest that the positive effect observed was

due to an increase in the intracellular H2O2 levels.

Increased levels of intracellular H2O2 were observed, particu-

larly during the exponential phase, in the H2O2 scavenging

defective mutant, CAM.04 (DahpCD) (Fig. 6C). Probably due to

high H2O2 levels, catalase activity in CAM.04 strain is induced as

a compensatory effect. This concerted regulation between the

two H2O2 scavenger enzymes has been already reported for

Xanthomonas campestris pv phaseoli and Staphylococcus aureus [46,47].

Although the activation of the H2O2-inducible catalase is clearly

observed, the intracellular H2O2 levels in the mutant strain were

still higher than in the wild-type. Simultaneously, a decrease in

SOD activity is observed when compared to the wild-type. This

can either be due to a compensatory effect towards re-establishing

Figure 6. Characterization of S. natalensis CAM.04 strain. (A)
Total catalase specific activity, (B) SOD specific activity and (C)
intracellular H2O2 levels of S. natalensis wild-type (white bars) and S.
natalensis CAM.04 (black bars) at the four defined growth stages: RG1,
RG2, S/P and S/NP. Results (average of triplicates and standard
deviation) are representative of three independent experiments. The
presence of statistically significant differences between wild-type (WT)
and CAM.04 samples was determined by t-test. *, statistically significant
(P,0.01).
doi:10.1371/journal.pone.0027472.g006
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the cell redox status or to a SOD inactivation by H2O2 [39].

Regardless of the oxidative stress response triggered by the

absence of AhpCD it should be noticed that CAM.04 presented a

pimaricin overproducer phenotype that was reinforced by the

addition of H2O2 to the culture broth during RG2 phase. A

similar behaviour was observed in the CAM.05 (DkatA1) strain. On

the other hand, the high levels of intracellular H2O2 will trigger

the production of the highly toxic hydroxyl radical as a

consequence of the oxidation of unincorporated intracellular

ferrous iron (Fenton reaction). The effect that the hydroxyl radicals

may have on the pimaricin biosynthesis was assessed in CAM.04

iron-supplemented cultures. Although a negative effect could be

expected due to the toxic nature of the hydroxyl radicals, no

decrease in pimaricin specific production was observed. Instead

there was an increase in iron-supplemented cultures that could be

explained by the optimization of iron conditions in the growth

medium.

Finally, the bald phenotype exhibited by the CAM.05 strain

unveils a correlation between the H2O2-inducible catalase, KatA1,

and morphological differentiation of S. natalensis on solid culture.

Unlike liquid cultures where total catalase activity increases during

the mid-late stationary growth phase, S. natalensis presents high

catalase activity levels (from KatA1) during and after the

emergence of aerial mycelia on solid culture (Beites T.B.,

unpublished results). It was suggested that during the development

of aerial mycelia cells undergo a transient state of oxidative stress

[48,49] that could result from the nutrition limitation and other

signals that trigger morphological differentiation or from a higher

exposure to oxygen by aerial mycelia. The absence of the H2O2

inducible catalase in CAM.05 severely hampers the ability of the

strain to cope with induced oxidative stress which may prevent a

normal morphological differentiation of S. natalensis on solid

cultures.

From an industrial point of view, oxygen supply is a key

parameter on the production of secondary metabolites. While low

O2 concentrations limit growth and product formation, increased

O2 concentration usually can improve secondary metabolite

production [50,51]. However when above a certain threshold,

O2 may have regulating and toxic effects on microbial cultures

mainly due to induction of oxidative stress. Like other environ-

ment induced responses, the oxidative stress related mechanisms

are embedded in global networks that extend the effect of the

oxidative stress response into secondary metabolism. Thus, it is

reasonable to assume that oxygen, or the by-products of its

reduction, may have a regulatory effect on the Streptomyces

secondary metabolism. The results obtained in this work point

out to an important role of H2O2 intracellular levels towards the

regulation of pimaricin biosynthesis, presumably through redox-

based mechanisms. Maintaining H2O2 intracellular levels, partic-

ularly during late exponential – early stationary phases, proved to

be important to elicit pimaricin biosynthesis. Although the

punctual H2O2 modulation achieved by the addition of exogenous

H2O2 suggested such a crosstalk, the correlation between H2O2

and secondary metabolism has been clearly shown by the

characterization of the H2O2-related enzymes defective mutants,

in which a long-term modulation of H2O2 levels is achieved.

Materials and Methods

Bacterial strains, plasmids and growth conditions
The strains, plasmids, and cosmids used in this study are listed

in Table 1. S. natalensis was routinely grown by inoculating a spore

suspension (36108 c.f.u.) into 100 mL of YEME medium [52]

without sucrose and prepared with deionized water, in 1 L baffled

flasks. Cultures were incubated in an orbital incubator shaker at

200 r.p.m. and 30 uC for 72 hours. Sporulation was achieved in

TBO medium [10]. Induced oxidative stress studies were carried

out by challenging cultures with 1 mM H2O2 over the different

growth phases which were defined by the change in the rate of

increase in cell density at 600 nm [21,22]. Growth phases were

defined as follows: early exponential (RG1) between OD600nm 1.5

and 4; late exponential (RG2) between OD600nm 5 and 8;

stationary phase with pimaricin production (S/P) between 38 h

and 48 h of culture and late exponential without pimaricin

production (S/NP) at 72 h after inoculation. E. coli cells were

routinely grown in LB medium.

Nucleic acids and protein procedures
Standard genetic techniques with Streptomyces, E. coli and in vitro

DNA manipulations were carried out as previously described

[52,53]. Isolation of total DNA from Streptomyces was performed

using the MasterPureTM Gram Positive DNA Purification Kit

(Epicentre). Southern hybridization was carried out with probes

labelled with digoxigenin by using the DIG DNA labelling kit

(Roche).

For S. natalensis total RNA isolation 1 ml-aliquots of cultures

grown in YEME medium were mixed with two volumes of RNA

Protect Bacteria Reagent (Qiagen). Mycelia were harvested by

centrifugation and immediately frozen by immersion in liquid

nitrogen. Buffer RLT (Qiagen) in the presence of 1.0% (v/v) b-

mercaptoethanol was added to the frozen mycelium, mixed

thoroughly and cells broken by sonication (Branson Sonifier,

Model B-15). RNeasy Mini Spin columns were used for RNA

isolation according to manufacturer’s instructions. DNA was

removed by two serial DNase treatments, an in-column DNase I

RNase-free (Qiagen), followed by a batch treatment using the

DNA-free Kit (Ambion). Total RNA concentration was deter-

mined with a NanoDrop ND-1000 spectrophotometer (Thermo

Scientific), and RNA quality and integrity were checked in an

ExperionTM Automated Electrophoresis System (Bio-Rad).

For S. natalensis crude protein extracts preparation, mycelia from

1 mL of culture were harvested by centrifugation. Cell pellets were

washed once with 50 mM K-phosphate buffer, pH 6.8, and

resuspended in 0.5 mL of the same buffer containing 25% (v/v) of

a protease inhibitor (Roche). Cells were disrupted by sonication

(Branson Sonifier, Model B-15), the lysate was centrifuged and the

pellet discarded. Protein content of cellular extracts was deter-

mined by the BCATM Protein Assay Kit (Pierce) using bovine

serum albumin as a standard.

Intergeneric conjugation between E. coli ET12567 [pUZ8002]

and S. natalensis ATCC 27448 was performed as previously

described [35].

Determination of catalase and superoxide dismutase
activities

Enzymatic assays were performed to determine total catalase

and superoxide dismutase (SOD) activity in S. natalensis protein

extracts. Catalase activity was quantified spectrophotometrically

by following the rate of decrease in absorbance at 240 nm caused

by the disappearance of H2O2 [54]. The assay mix contained

30 mL of protein extract and 10 mM H2O2 in 50 mM phosphate

buffer pH 6.8 in a final volume of 1 mL. Assays were carried out

at 25 uC. One unit of enzyme activity is defined as the amount

required for the conversion of 1 mmol substrate into product per

min. SOD activity was assayed by the method previously

described [39,55]. One unit of enzyme activity was defined as

the amount of SOD required to inhibit the reduction of nitroblue

tetrazolium by 50% under the reaction conditions.
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Catalase, peroxidase and superoxide dismutase activities of S.

natalensis protein extracts were also analyzed on 7.5% –10% (w/v)

non-denaturing polyacrylamide gels. Catalase activity was visual-

ized on the gel using the method previously described [41,56].

Peroxidase gel activity was detected using a mixture of

chromogenic substrates [57]. SOD activity was detected on native

gels by its ability to deplete superoxide, which can reduce nitroblue

tetrazolium [39,58].

Two-dimensional (2D) gel electrophoresis (PAGE)
2D electrophoresis was performed as previously described [59].

A total of 150 mg of crude protein extract was treated with 3% (v/

v) of Benzonase Nuclease (Sigma) at 37 uC for 30 min, subjected to

a clean-up process using the 2-D Clean up Kit (GE Healthcare),

and used for IEF in 17-cm precast IPG strips (Bio-Rad) with linear

pH gradient of 4.0–7.0 using a PROTEAN IEF Cell (Bio-Rad).

Second dimension was run in 12.5% (w/v) SDS-PAGE gels using

an Ettan Dalt apparatus (GE Healthcare) as recommended by the

manufacturer. Gels were silver stained following an MS-compat-

ible protocol [60]. LMW low molecular weight marker (GE

Healthcare) was used as size markers. Image analysis was

performed with biological triplicates by using the PDQuest 2-D

analysis software (Bio-Rad).

Protein spots were excised from gels and digested with trypsin.

Samples were analyzed using the 4700 Proteomics Analyzer

MALDI-TOF/TOF (Applied Biosystems) as described previously

(Pinho et al., 2009). Data were analyzed using GPS Explorer

(Version 3.6; Applied Biosystems). The alkyl hydroperoxide

reductase C, ahpC, protein spot was identified using combined

data from PMF (Peptide Mass Fingerprint) and tandem mass

(MS/MS) spectra. The Mascot (Matrix Science, UK) protein

identification algorithm, which reflects these two levels of

information, had a score associated with this identification of

155 with an expected value of 2.9e-009, and a confidence interval

of 100%. Two tryptic peptide peaks have been selected for MS/

MS peptide sequencing. The sequences of the fragmented peptides

in the identified protein were LNDEFADR and ALGIEGEDG-

FAQR.

Quantification of intracellular reactive oxygen species
(ROS)

Levels of intracellular H2O2 were detected with dihydrorhoda-

mine 123 (DHR) (Invitrogen). Aliquots from the culture broth were

taken at selected time points, pellets were resuspended in 50 mM K-

phosphate buffer pH 6.8 and DHR was added to a final

concentration of 15 mg ml21. Cells were incubated for 60 min at

30 uC in the dark. Mycelia were washed twice in 50 mM K-

phosphate buffer pH 6.7 and cells were broken by sonication. The

amount of ROS was quantified with a spectrofluorometer

(Fluoromax-4, Horiba) emitting at 504 nm and measuring at

534 nm. Protein content of the crude extracts was used as

normalization factor.

PCR and RT-qPCR
DNA amplification by PCR was performed with GoTaq Flexi

DNA Polymerase (Promega) or Pfu DNA polymerase (Fermentas)

according to the manufacturer’s instructions. For gene expression

studies 1 mg of DNase I-treated (DNA-free Kit, Ambion) total

RNA was transcribed with the iScriptTM Select cDNA Synthesis

Kit (Bio-Rad), using the random primers supplied, and following

the manufacturer’s instructions. qPCR amplifications were

performed using the primer pairs listed in Table S1 and using

0.2 mM of each primer,10 ml of iQTM SYBRH Green Supermix

(Bio-Rad) and 2 ml of template cDNA. qPCRs were carried out in

the iCycler iQ5 Real-Time PCR detection system (Bio-Rad) and

conditions were as follows: 95uC for 5 min, 40 cycles of 95uC for

30 sec, 55, 60 or 65 uC (depending of the set of primers used) for

30 sec, and 72 uC for 30 sec. Standard dilutions of the cDNA were

used to check the relative efficiency and quality of primers.

Negative controls (no template cDNA) were included in all qPCR.

A melting curve analysis was performed at the end of each qPCR

assay to exclude the formation of nonspecific products. The data

obtained were analyzed using the method described in Pfaffl [61].

For each analysis 16 S rRNA and lysA were used for normaliza-

tion. The identity of each amplified product was corroborated by

sequencing the PCR product.

Gene identification, cloning and sequencing
For the identification of the antioxidant enconding genes

(monofunctional catalase, SOD and the alkyl hydroperoxidase

system) of S. natalensis, internal hybridization probes were obtained

by PCR amplification using genomic DNA of S. natalensis as

template. Primer pairs were designed based on alignments of

known nucleotide sequences of these proteins from S. avermitilis, S.

coelicolor and S. griseus. Once confirmed the genetic identity of the

PCR products by sequencing, they were labelled with digoxigenin

and used as probes for screening a S. natalensis ATCC 27448

cosmid library [10].

Plasmid DNA was isolated from E. coli cultures using the

GenEluteTM Plasmid Miniprep Kit (Sigma-Aldrich, Saint Louis,

MO), and sequenced at STAB Vida (Lisbon). Each nucleotide was

sequenced a minimum of three times independently on both

strands. Alignment of sequence contigs was performed using the

Vector NTI ContigExpress program (Invitrogen). DNA and

protein sequences were analyzed with the NCBI World Wide

Web BLAST server.

Published sequences were retrieved from GenBank and

computer-assisted sequence comparisons were performed using

Vector NTI Advance 10 (Invitrogen).

Construction of mutant strains and complementation
The strategy used for gene disruption was based on the PCR

targeting system developed in S. coelicolor [34]. The coding

sequences of sodF, ahpCD and katA1 genes from S. natalensis ATCC

27448 were replaced by the aac(3)IV/oriT cassette from plasmid

pIJ773. The primers used for amplifying the cassette are listed in

Table 2. The PCR targeting strategy originated mutant stains

CAM.02, CAM.04 and CAM.05 respectively. The identity of all

mutants was confirmed by Southern hybridization and PCR.

Complementation of defective mutants was carried out by

inserting into the integrative vector pSET152neo a DNA fragment

containing the wild-type gene (either ahpCD or sodF) plus their own

promoters. The originating plasmids (pSETahpCD and pSETsodF)

were transfered to S. natalensis CAM.04 and CAM.02 respectively,

by conjugation. pSET152neo was also introduced into S. natalensis

wild-type as control.

Pimaricin Production
The production of pimaricin in liquid cultures was routinely

quantified by spectrophotometric determination at 304 nm. A

100 mL aliquot of culture was extracted with 8 vol of butanol, and

the organic phase was diluted in water-saturated butanol to bring

the absorbance at 304 nm in the range of 0.1–0.8 U. Pimaricin

was quantified using a solution of pure pimaricin (Calbiochem) as

standard. To confirm the identity of pimaricin, a UV–visible

absorption spectrum (absorption peaks at 319, 304, 291 and

281 nm) was routinely determined. The fungicidal activity of

Regulation of Secondary Metabolism by H2O2

PLoS ONE | www.plosone.org 10 November 2011 | Volume 6 | Issue 11 | e27472



pimaricin was tested by bioassay using C. utilis CECT 1061 as test

organism. In addition to spectrophotometric determination,

mutants broth extracts were also analysed by UPLC using a

Waters ACQUITY System coupled to a PDA detector, fitted with

a reverse-phase BEH C18 column (2.1650 mm, particle size,

1.7 mm.). Elution was performed with a methanol/water gradient

(0.4 ml/min) according to the following program (methanol

concentration): 50% 0–0.73 min, up to 90% 0.73–2.90 min,

90% 2.90–4.83, down to 50% 4.83–6.02 min and 50% 6.02–

7.21 min. Under these conditions pimaricin eluted at 2.60 min.

Nucleotide sequence accession numbers
The sequence data associated with this study have been

submitted to the GenBank database under accession numbers

JN005772, JN005773 and JN005774.

Supporting Information

Figure S1 Total catalase activity of S. natalensis ATCC
27448, S. coelicolor M145 and S. avermitilis in YEME
medium. Samples were collected at the four defined growth

phases (see Experimental Procedures): RG1, RG2, S/P and S/NP.

Results (average of triplicates and standard deviation) are

representative of three independent experiments.

(TIF)

Figure S2 Construction of strain CAM.05 by gene
replacement of katA1. A) Predicted restriction enzyme

polymorphism caused by gene replacement. The NcoI-XbaI

restriction pattern before and after replacement is shown. The

probe used for southern hybridization is indicated by thick lines. N,

NcoI; X, XbaI. B) Confirmation of gene disruption by PCR. A pair

of primers, cKatA_F and ckatA_R, covering the deleted region in

the chromosome were used for quick screening to identify double

crossover mutants. C) Confirmation of gene disruption by Southern

hybridization of the NcoI-XbaI digested chromosomal DNA of the

wild type (lane 1), and CAM.05 (DkatA1; lane 2) strains. Lane M,

DIG-labeled DNA Molecular Weight Marker II (Roche). Extra

bands hybridizing on the Southern blot are cross-hybridization with

other genomic fragments.

(TIF)

Figure S3 Construction of strain CAM.02 by gene
replacement of sodF. A) Predicted restriction enzyme poly-

morphism caused by gene replacement. The NotI restriction

pattern before and after replacement is shown. The probe used for

southern hybridization is indicated by thick line. A, Apa I; N,

NotI. B) Confirmation of gene disruption by PCR. A pair of

primers, CsodF-F and CsodF-R, covering the deleted region in the

chromosome were used for quick screening to identify double

crossover mutants. C) Confirmation of gene disruption by

Southern hybridization of the NotI digested chromosomal DNA

of the wild type (lane 1), and CAM.02 (DsodF; lane 2) strains. Lane

L, DIG-labeled DNA Molecular Weight Marker II (Roche).

(TIF)

Figure S4 Construction of strain CAM.04 by gene
replacement of ahpCD. A) Predicted restriction enzyme

polymorphism caused by gene replacement. The PvuII restriction

pattern before and after replacement is shown. The probe used for

southern hybridization is indicated by thick lines. B, BamHI; N,

NcoI; P, PvuII. B) Confirmation of gene disruption by PCR. A

pair of primers, Cahp-F and Cahp-R, covering the deleted region

in the chromosome were used for quick screening to identify

double crossover mutants. C) Confirmation of gene disruption by

Southern hybridization of the PvuII digested chromosomal DNA

of the wild type (lane 1), and CAM.04 (DahpCD; lane 2) strains.

Lane L, DIG-labeled DNA Molecular Weight Marker II (Roche).

(TIF)

Table S1 Primers used in this work.
(PDF)
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ABSTRACT 

 

“Method of production of natamycin and mutant strains” 

 

The invention relates to a method for production of 

natamycin comprising the construction of Streptomyces 

mutant strains (Streptomyces natalensis or gilvosporeus). 

This production could be further improved with the addition 

of H2O2 to the culture broth. The method presented in this 

invention allows increasing the productivity and efficiency 

of natamycin producing strains in a range of 20% to 110%. 

The method comprises the construction of defective mutants 

on the H2O2 related enzymes, preferably, SodF, AhpCD and 

KatA1. The method further comprises the addition of H2O2 to 

the culture broth preferably during the natamycin producing 

phase, more preferably during the mid-late exponential 

phase of the culture in a range of 0,1 mM to 100 mM.  
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DESCRIPTION 

 

“Method of production of natamycin and mutant strains” 

 

Technical field of the invention 

The present invention refers to a method of production of 

natamycin comprising the construction of defective mutants 

on the H2O2 related enzymes SodF, AhpCD and KatA1 and the 

addition of H2O2 to the culture broth of said mutant 

strains. 

 

Background                                                                                                                

The term  “mutant” refers to an individual, organism, or 

new genetic character, arising or resulting from an 

instance of mutation, which is any base-pair sequence 

change within the DNA background of an organism resulting 

in the creation of a new character or trait not found in 

the parental strain.  

The term “defective mutant” refers to a mutant strain where 

at least one gene has been made non-functional by either 

“knock out” or “knock down” techniques known in the art. 

These include, but not limited to, deleting or disrupting 

functional genes by homologous recombination and decreasing 

or abolishing gene expression by gene silencing. 

The term “non-functional” gene refers to a gene whose 

normal expression has been altered. Modification of the 

normal expression of a gene can result either in decreasing 

or even abolishing the production of a protein and/or in a 

protein lacking any enzyme activity.  

Streptomyces are Gram-positive, filamentous, soil-dwelling 

bacteria well known for their ability to produce a wide 

variety of secondary metabolites. The biosynthesis of 

secondary metabolites occurs in a growth-phase dependent 
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manner and is controlled by environmental and physiological 

factors. Streptomyces secondary metabolism is regulated by 

a complex network that integrates multiple factors and 

takes place at different levels: from the so-called 

pathway-specific regulatory genes to pleiotropic regulators 

which control both secondary metabolism and morphological 

differentiation.  

Natamycin (also known as pimaricin or tennecetin) is  a 26-

member tetraene macrolide antifungal antibiotic, widely 

used for the treatment of fungal keratitis and in the food 

industry to prevent mold contamination of non-sterile foods 

such as cheese, sausages, cured meat, among others.  As a 

polyene, its antifungal activity lies in its interaction 

with membrane sterols, inhibiting the sterol-dependent 

processes of membrane fusion and fission.  

Natamycin is synthesized by the action of a type I modular 

polyketide synthase (PKS) and its biosynthetic gene cluster 

in Streptomyces natalensis has been previously sequenced 

and characterized (Martin & Aparicio, 2009). The gene 

cluster contains 19 open reading frames including 5 

multifunctional enzymes (PimS0-PimS4) that harbour 13 PKS 

modules, and 14 additional proteins involved in post-PKS 

modification of the polyketide skeleton (tailoring 

enzymes), export and regulation of gene expression. Among 

these are two pathway-specific regulators, PimR and PimM. 

PimR is the archetype of a new class of regulators that 

combines an N-terminal domain corresponding to the SARP 

(Streptomyes antibiotic regulatory protein) family of 

transcriptional activators with a C-terminal homologous to 

guanylate cyclases and large ATP-binding regulators of the 

LuxR family (LAL). PimM combines an N-terminal PAS domain 

with a C-terminal helix–turn–helix (HTH) motif of the LuxR 

type. Both proteins seem to play an independent positive 

regulatory role in natamycin biosynthesis by the 
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transcriptional activation of different target genes. 

Additionally, a cholesterol oxidase encoding gene (pimE) is 

located in the centre of the cluster and although not 

classified as a pathway-specific regulator, it presents an 

important role, not yet fully understood, in the signalling 

transduction cascade leading to natamycin biosynthesis.  

Natamycin can be obtained by fermentation processes using 

Streptomyces natalensis as described in WO 04/087934 or 

Streptomyces gilvosporeus as disclosed in WO 93/03171. The 

present invention allows turning conventional natamycin 

producing processes into cost-effective processes by 

improving the productivity of natamycin producing 

Streptomyces strains.  

 

Summary of the invention 

 

To increase the production of natamycin the present 

invention provides new natamycin producing mutant strains 

and a method comprising the addition of H2O2 to the culture 

broth, preferably during the natamycin producing phases, 

more preferably during the mid-late exponential phase of 

the said culture 

 

The present invention provides a method for increasing 

natamycin production in Streptomyces producing strains, 

comprising: 

 providing a  S. natalensis or S. gilvosporeus 

mutant strain wherein at least one of the 

following  genes: sodF, ahpCD or katA1 or 

homologues thereof is/are non-functional. 

 obtaining a pure culture of the said 

Streptomyces mutant strains; 
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 culturing said pure culture under conditions 

allowing for production of natamycin. 

 

The preferable conditions for the production of natamycin 

in the said cultures, pure cultures of S. natalensis or S. 

gilvosporeus, are:  

 Incubating S. natalensis or S. gilvosporeus in a 

cultivation medium preferably a liquid fermentation 

medium,  preferably comprising glucose in a 

concentration of 5-30  g/L, more preferably 10-20 g/L, 

as for example yeast extract 3 g/L; peptone 5 g/L; 

malt extract 3 g/L and glucose 10 g/L. In a more 

preferred embodiment, the cultivation medium may 

further comprise a phosphate and nitrogen source; 

 Incubation time 28 – 72 hour; 

 Incubation temperature 25-30ºC, preferably 28ºC; 

 Under aerobic conditions, preferably with the amount 

of oxygen is between 20 and 70% of air saturation. 

 

Another aspect of the present invention is the increase of 

natamycin production in Streptomyces natalensis or 

gilvosporeus mutants by the addition of H2O2 to the culture 

broth during the natamycin producing phases, preferably 

during the mid-late exponential phase of the said culture. 

The preferable H2O2 concentrations are between 0,1 - 100mM; 

more preferable 1 - 10mM. 

 

Another aspect of the present invention is the disclose of 

Streptomyces natalensis or gilvosporeus mutant strains 

wherein at least one of following genes: sodF, ahpCD or 

katA1 or homologues thereof is/are non-functional. 
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In preferred embodiment of Streptomyces mutant strain the 

sodF gene is at least 86% homologue to the sequence SEQ 1. 

 

In preferred embodiment of  Streptomyces mutant strain 

(Streptomyces natalensis or gilvosporeus) the ahpCD gene is 

at least 85% homologue to the sequence SEQ 2. 

 

In preferred embodiment of Streptomyces mutant strain the 

katA1 gene is at least 75% homologue to the sequence SEQ 3. 

 

Use of a mutant strain object of the present invention in 

the production of natamycin. 

 

 

General Description of the invention 

This invention presents a method to increase natamycin 

production comprising the construction of defective mutants 

on the H2O2 related enzymes SodF, AhpCD and KatA1.  

The method presented in this invention allows increasing 

the productivity and efficiency of natamycin Streptomyces 

producing strains in a range of 20% to 60%, especially 

29.9% to 56% in production media known in the art. This 

production could be further improved with the addition of 

H2O2 to the culture broth in a range of 60% to 110%, 

especially 69.4% to 103.8% of the parental strain levels. 

 

Description of the figures 

The following figures provide preferred embodiments for 

illustrating the description and should not be seen as 

limiting the scope of invention. 
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Figure 1: Growth curve of S. natalensis (•••••) and 

natamycin production by S. natalensis (−■−) in YEME medium. 

Growth phases are indicated by solid lines at the top of 

the graph. Vertical bars indicate standard deviation of the 

mean values. Data are the average of triplicates from three 

independent experiments. 

 

Figure 2: Schematic representation of natamycin production 

of S. natalensis mutant strains. Values are means of 

triplicates from three independent experiments; 100% 

represents the natamycin production of S. natalensis ATCC 

27448 at 72h in YEME medium. Natamycin production of CAM.05 

strain was assessed at 72h in YEME medium inoculated with 

vegetative mycelium and for CAM.05, 100% represents the 

natamycin production of S. natalensis ATCC 27448 at 72h in 

YEME medium inoculated with vegetative mycelium. 

 

Detailed description of the invention 

The term YEME refers to yeast extract – malt extract media. 

In YEME liquid medium Streptomyces natalensis presents a 

typical growth curve, natamycin is first detected during 

the late exponential phase and its production occurs until 

mid-stationary phase (Figure 1). The S. natalensis growth 

curve comprises four growth stages: an early exponential 

phase characterized by a rapid growth (RG1); after a brief 

transition phase linked with the “metabolic switch”, there 

is a second rapid growth phase (RG2) with a lower growing 

rate that overlaps with the late exponential phase. 

Afterwards the cultures enter into the stationary phase 

(S). Taking into consideration the natamycin production, 

the stationary phase is divided into an early- to mid-

stationary phase when natamycin biosynthesis occurs (S/P), 

and a late stationary phase, when natamycin is no longer 

being synthesized by S. natalensis (S/NP) (Figure 1). The 
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natamycin producing phases comprise the RG2 and S/P phases, 

although natamycin producing phases can overlap with RG1 

and S/NP phases.  

The construction of defective mutants of a natamycin 

producing strain on the main H2O2 -related enzymes increase 

natamycin production, preferably: 

 

SEQ 1. (sod F)  

 

SEQ. 1 - 

atggcgacctacacacttccggaactcccctacgactacgcggcgctggccccggtcat 

cagccccgagatcatcgagctgcatcacgacaagcaccacgcggcgtatgtgaagggcg

cgaacgacacgctggagcagctcgccgaggcgcgcgacaaggagagctggggcagcatc

aacggcctggagaagaacctcgcgttccacctctccgggcacatcctgcacagcatcta

ctggcacaacatgtccggtgacggcggcggcgagccgcacgagaaggacggcgtgggcg

agctggccgacgccatcgcggagagcttcgggtcgtacgccgggttcaaggcacagctg

accaaggccgcggccaccacccagggctccggctggggcgtgctggcgtacgagccggt

gagcgggcggctgatcgtggagcagatctacgaccaccagggcaatgtcggccagggct

cggtgccgattctggtcttcgatgcctgggagcacgccttctaccttcagtacaagaac

cagaaggtggacttcatcgaggcgatgtggcgggtcgtcaactggcaggacgtggccag

gcggtacgcggccgccaaggagcgtgcgaacacgctgctgctggcgccgtga 

Shows the nucleotide sequence of a superoxide dismutase 

encoding gene, from Streptomyces natalensis. Homologues of 

a nucleic acid sequence set out in SEQ 1 (sodF) are 

polynucleotides which do not share 100 % sequence identity 

with a sequence set out in SEQ 1 but which encode 

polypeptides having a similar enzyme activity to a 

polypeptide encoded by a nucleic acid sequence set out in 

SEQ 1. Thus a homolog of a polypeptide encoded by SEQ 1 

will typically encode a polypeptide which has superoxide 

dismutase-like activity. A homologue of the invention will 

generally have at least 86% sequence identity to the 

sequence of SEQ 1 over the full length of SEQ 1, preferably 



9 
 

at least 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 

97%, 98%, 99%, 100%. 

 

SEQ. 2 (ahpCD)  

 

SEQ. 2 -  

gtgctcactgtcggtgacaagttccccgagttcgacctgactgcctgtgtctcgctgga

gaagggcgaggagttcgagcagatcaaccacaagacctacgagggcaagtggaagatcg

tcttcgcgtggcccaaggacttcaccttcgtgtgccccaccgagatcgccgcgttcggc

aagctgaacgacgagttcgccgaccgcgatgcgcaggtcctcggcttctccggtgactc

cgagttcgtgcaccacgcctggcgcaaggaccacccggacctgaccgacctgcccttcc

cgatgctcgccgactccaagcacgagctcatgcgcgccctgggcatcgagggcgaggac

ggcttcgcgcagcgcgccgtcttcatcgtcgaccagaacaacgagatccagttcaccat

ggtgaccgccggttccgtcggccgtaaccccaaggaggtcctgcgggttctggacgccc

tccagaccgacgagctgtgcccctgcaactggtccaagggcgacgacaccctcgacccg

gtcgccctcctgtcgggcgagtgaacgcacctctgagaacgcaccactgaagggaaggc

cgatcgacatggctctcgacgagctcaagtccgccgtaccggacttcgccaaggacctg

aagctgaacctcggctcggtcatcggcaacagcgacctgccgcagcagcagctgtgggg

cacggtgctggcctgcgcgatcgcctcgcgctcgcccaaggtgctgcgggagctggagc

cggaggcgaaggccaacctctcccccgaggcgtaccaggcggccaagtccgccgccgcc

atcatggcgatgaacaacgtcttctaccgcacccggcacctgctgtcggacccggagta

cggcaacctccgtgccggtctgcggatgaacgtcatcggcaacccgggcgtggacaagg

tcgacttcgaactgtggtcgctggccgtctccgccatcaacggctgcggcatgtgcctg

gactcgcacgagcaggtgctccgcaaggccggtgtggaccgcgagacgatccaggaagc

cgtcaagatcgcctcggtcctccaggccgtgggcgccacgctggacgccgaggacgcgc

tggcggagtaa 

 

Shows the nucleotide sequence of the alkyl hydroperoxide 

reductase system, comprising an alkyl hydroperoxide 

reductase and an alkylhydroperoxidase encoding genes, from 

Streptomyces natalensis. Homologues of a nucleic acid 

sequence set out in SEQ2 (ahpCD) are polynucleotides which 
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do not share 100 % sequence identity with a sequence set 

out in SEQ 2 but which encode polypeptides having a similar 

enzyme activity to a polypeptide encoded by a nucleic acid 

sequence set out in SEQ 2. Thus a homolog of a polypeptide 

encoded by SEQ2 will typically encode a polypeptide which 

has alkyl hydroperoxidereductase or alkylhydroperoxidase-

like activity. A homologue of the invention will generally 

have at least 85% sequence identity to the sequence of SEQ 

2 over the full length of SEQ 2, preferably at least 86%, 

87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 

99%, 100%. 

 

 

 

 

SEQ. 3 (katA1)  SEQ.3 - 

gtgtcggtagacagcagcaccggaccgctgaccacggagaccggagctccggtcgcgga

caaccagaacagcgaagcggcaggcgtcggcggccccggtctgatccaggaccagcttc

tgatcgagaagctcgcccacttcaaccgcgagcgcatcccggagcgcatcgtccatgcc

cgcggcgccggcgcgtacggcaccttcacggtgaccgcggacgtcagccgctacacccg

cgccgcgttcctctccgaggtcggcaagcagaccgagacgttcctgcgcttctccacgg

tcgcgggcaacctcggtgccgccgacgcggtgcgcgacccgcgcggcttcgcgctgaag

ttctacaccgaagagggcaactacgacctcgtcggcaacaacaccccggtgttcttcat

caaggacgccatcaagttccccgacttcatccacacccagaagcgcgacccgtacaccg

gctcccaggaggcggacaacgtctgggacttctggggcctgtcgcccgaggccacccac

caggtcacctggctgttcggcgaccgcggcatccccgcctcgtaccgccacatgaacgg

ctacggctcgcacaccttccagtggaacaacgaggcgggcgaggtcttctgggtcaagt

accacttcaagaccgaccagggcatcaagaacctcacccaggacgaggccaacacgctc

gccggtgaggaccccgacagccaccagcgcgacctgcgcgagtccatcgagcgcggcga

cttcccgacctggaccgtgcaggtgcagatcatgcccgcggccgaggcggcgaactacc

gcttcaacccgttcgacctgaccaaggtctggccgcacgaggactacccgccgatcgag

atcggcaagctggagctcaaccgcaacccgcagaacatcttcgccgaggtcgagcagtc

gatcttctccccgcaccacttcgtgccgggcatcggcccgtcgcccgacaagatgctcc



11 
 

agggccgccttttcgcctacggcgacgcccaccgctaccgcgtcggcatcaacgccgac

cacctgccggtcaaccgcccgcatgccaccgaggcgcgcacccacggccgcgacggtgc

gctctacgacggccgccacgcgggccggaagaactacgagcccaacagcttcggcggcc

ccgtccagaccggccggccgctgtgggtctccgccgcggtcaccggtgccaccggtgag

cacgccgcgccctcgcacgccaaggacaacgacttcgtccaggccggcaatctctaccg

tctgctggcggacgacgagaaggagcgcctgatcaacaacctggcgggcttcatagcca

aggtctcgcgcgacgacatcgcccagcgcgcgatcgagaacttccgcaaggcggatgcg

gactacggcaagcggctggaagctgcggtccaggccctgcgcggctag 

 

Shows the nucleotide sequence of a monofunctional catalase 

encoding gene from, Streptomyces natalensis. Homologues of 

a nucleic acid sequence set out in SEQ3 (katA1) are 

polynucleotides which do not share 100 % sequence identity 

with a sequence set out in SEQ 3 but which encode 

polypeptides having a similar enzyme activity to a 

polypeptide encoded by a nucleic acid sequence set out in 

SEQ3. Thus a homolog of a polypeptide encoded by SEQ3 will 

typically encode a polypeptide which has catalase-like 

activity. A homologue of the invention will generally have 

at least 75% sequence identity to the sequence of SEQ 3 

over the full length of SEQ 3, preferably at least 76%, 

77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 

89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%,100%. 

 

To counteract the increase in intracellular H2O2 levels, 

microorganisms have enzymes that present H2O2-scavenging 

activity such as catalases and the alkyl hydroperoxide 

reductase system. Surprisingly, the mutants defective in 

the H2O2-detoxifying encoding genes showed an increased 

natamycin production.  

An important source of intracellular H2O2 is the 

dismutation of superoxide anion by SOD. Deleting the 

FeZnSOD encoding gene created an imbalance in the 
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intracellular H2O2 concentration. In fact, the SodF 

defective mutant, CAM.02 (ATCC 27448 sodF::aac(3)IV-oriT), 

showed lower levels of intracellular H2O2 along the growth 

phase, in particular during RG2 phase with a 30% decrease.  

Simultaneously, and surprisingly, a drastic decrease in the 

production of pimaricin was also observed when compared to 

the parental strain (a 92% decrease – see Figure 2). In 

contrast, supplementation of the culture broth with Ni2+ 

ions not only increased the expression of the Ni-containing 

SOD in S. natalensis but also, increased the intracellular 

H2O2 levels. These conditions surprisingly increased the 

pimaricin specific production of the CAM.02 mutant (Figure 

2) showing a correlation between H2O2 intracellular levels 

and pimaricin production in S. natalensis. These results 

show that superoxide dismutase activity elicits natamycin 

production. 

The Streptomyces natalensis or gilvosporeus mutants 

defective on H2O2-detoxifying enzymes, Seq. 2 (CAM.04 (ATCC 

27448 ahpCD::aac(3)IV-oriT)) and Seq. 3 (CAM.05 (ATCC 27448 

katA1::aac(3)IV-oriT)) showed different phenotypic traits 

but both behaved as natamycin overproducers, reaching an 

increase of 20% - 60%, preferably 29.9-56% of the natamycin 

produced by the wild-type strain, respectively (Figure 2). 

Also, the natamycin overproducer behaviour of the mutant 

strains, Seq. 2 and 3(CAM.04 and CAM.05 respectively), was 

enhanced by the addition of H2O2 to the medium preferably 

during the natamycin producing phases (RG2 and S/P), more 

preferably during RG2 phase (Figure 2). The best results 

obtain with H2O2 addition, regarding natamycin production, 

were obtained using the range of 0,1mM-100mM, preferably 1-

10mM.  

This last evidence allows us to establish a 

surprisingly functional crosstalk between ROS homeostasis, 
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said H2O2 intracellular homeostasis, and natamycin 

production in Streptomyces natalensis or gilvosporeus.  

 

Examples 

Hereinafter, the present invention is described in more 

detail and specifically with reference to the examples, 

which however are not intended to limit the present 

invention. 

 

Example 1: Natamycin production and quantification in 

liquid cultures 

For liquid cultures, 3 x 108 spores of S. natalensis were 

incubated in 100 mL of YEME medium (yeast extract 3 g/L; 

peptone 5 g/L; malt extract 3 g/L and glucose 10 g/L) 

shaking at 250 rpm at 30ºC for 72 hours. 

The production of natamycin in liquid cultures was 

routinely quantified by spectrophotometric determination at 

304 nm. A 100 L aliquot of culture was extracted with 8 

volumes of butanol, and the organic phase was diluted in 

water-saturated butanol to bring the absorbance at 304 nm 

in the range of 0.1–0.8 UA. Natamycin was quantified using 

a solution of pure natamycin as standard. To confirm the 

identity of natamycin, a UV–visible absorption spectrum 

(absorption peaks at 319, 304, 291 and 281 nm) was 

routinely determined. The biological activity of natamycin 

was tested by bioassay using Saccharomyces cerevisiae 

BY4741 as test organism. In addition to spectrophotometric 

determination, mutants broth extracts were also analysed by 

Ultra-performance liquid chromatography (UPLC) using a 

Waters ACQUITY System coupled to a PDA detector, fitted 

with a reverse-phase BEH C18 column (2.1 x 50 mm, particle 

size, 1.7 m.). Elution was performed with a methanol/water 
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gradient (0.4 ml/min) according to the following program 

(methanol concentration): 50% 0-0.73 min, up to 90 % 0.73 – 

2.90 min, 90% 2.90 – 4.83, down to 50% 4.83 – 6.02 min and 

50% 6.02 – 7.21 min. Under these conditions natamycin 

eluted at 2.60 minutes. 

 

Example 2: Response of Streptomyces natalensis ATCC 27442 

to the addition of H2O2 to the medium.  

To study the response of S. natalensis ATCC 27448 to 

exogenous H2O2, total specific catalase activity was 

measured in cultures challenged with H2O2. Three different 

H2O2 concentrations were tested, 0.1 mM, 1 mM and 10 mM. 

Addition of 10 mM H2O2 at RG1 phase severely impaired 

growth of S. natalensis, and catalase activity induction 

with 1 mM H2O2 was 1.7-fold higher than with 0.1 mM. 

Therefore, studies of catalase activity inducibility were 

carried out adding 1 mM H2O2 to the culture broth at RG1, 

RG2, S/P and S/NP growth phases.  

For S. natalensis crude protein extracts preparation, 

mycelia from 1 mL of culture were harvested by 

centrifugation. Cell pellets were washed once with 50 mM K-

phosphate buffer, pH 6.8, and resuspended in 0.5 mL of the 

same buffer containing 25 % (v/v) of a protease inhibitor. 

Cells were disrupted by sonication, the lysate was 

centrifuged and the pellet discarded. Protein content of 

cellular extracts was determined using bovine serum albumin 

as a standard. 

Catalase activity was measured spectrophotometrically by 

following the rate of decrease in absorbance at 240 nm 

caused by the disappearance of H2O2. The assay mix 

contained 30 L of protein extract and 10 mM H2O2 in 50 mM 

phosphate buffer pH 6.8 in a final volume of 1 mL. Assays 

were carried out at 25 ºC. One unit of enzyme activity is 
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defined as the amount required for the conversion of 1 mol 

substrate into product per min.  

Specific catalase activity was measured in protein extracts 

collected 1 h after H2O2 insult in each of the growth 

phases. Addition of H2O2 prompted an increase in total 

catalase activity except in the RG2 phase where 

surprisingly, no induction of catalase activity was 

observed.  

In S. coelicolor, the induction of the catalase by H2O2 is 

regulated in an iron-dependent manner by the fur-like 

protein CatR. To assess the sensitivity of catalase 

induction to H2O2 in the presence of an excess of iron, 

total catalase activity was measured in iron-supplemented 

(20 M FeSO4) cultures with and without the addition of 

H2O2. Under these conditions, during RG1 and S/P phases the 

same behaviour was observed regarding catalase response to 

H2O2. However, induction of catalase activity was also 

observed at the RG2 phase. 

The adaptive response prompted by the addition of H2O2 in 

iron-supplemented cultures reflected in an increase in the 

total catalase activity, particularly during exponential 

phase. In E. coli, catalase is described as a more 

efficient enzyme at high levels of H2O2, whilst AhpC being 

a more efficient scavenger of trace H2O2 generated 

endogenously. Induction of total catalase activity in iron-

supplemented cultures reflected in a transient and 

reversible decrease in H2O2 intracellular levels, 

particularly during RG2 phase when a decrease of 25.6% in 

H2O2 intracellular concentration, 1 h after the H2O2 insult, 

was observed.  

To determine whether the secondary metabolism in S. 

natalensis is affected by the temporary redox imbalance 

created by the adaptive response to H2O2, natamycin yields 
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at 72 h were measured in the culture broths of H2O2-induced 

iron supplemented cultures. When the H2O2 stimulus was 

introduced during RG1 phase no significant alteration in 

natamycin yield was observed. However, when H2O2 stimulus 

was introduced during late exponential phase (RG2) the 

natamycin yield was reduced to 62.5 % of the production in 

the control culture (without the H2O2 stimulus). Although 

less pronounced, a decrease in natamycin production (ca 

10%) was also observed in cultures with H2O2-stress induced 

at S/P phase. 

 

Example 3: Isolation and identification of genes related 

with H2O2 from S. natalensis  

For the identification of the antioxidant enconding genes 

(monofunctional catalase, SOD and the alkyl hydroperoxidase 

system) of S. natalensis, internal hybridization probes 

were obtained by PCR amplification using genomic DNA of S. 

natalensis ATCC 27448 as template. Primer pairs were 

designed based on alignments of known nucleotide sequences 

of these proteins from S. avermitilis, S. coelicolor and S. 

griseus. Once confirmed the genetic identity of the PCR 

products by sequencing, they were labelled with digoxigenin 

and used as probes for screening a S. natalensis ATCC 27448 

cosmid library (Aparicio et al., 1999). The probes used 

were KA1, internal to katA1, AHP internal to ahpC and SF 

internal to sodF. Clones from the cosmid library were 

isolated which contained sequences hybridizing to each of 

the fragments used as probes. Cosmid DNA was isolated from 

E. coli cultures. 

A 2.4 kb Nco I fragment from cosmid A1, was found to 

hybridize with probe KA1. The fragment was cloned into Nco 

I-digested pGEM®-T Easy vector and sequenced. The fragment 

was 2430 bp and in silico analysis of the fragment showed 
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the presence of two complete open reading frames (ORFs), 

katA1 (SEQ 3 - 1464 bp) and catR (423 bp), divergently 

transcribed and separated by 161 bp. Both genes presented 

an overall codon usage pattern in good agreement with that 

of typical Streptomyces genes. The product of katA1 (487 

amino acids with a deduced molecular mass of 54 kDa) showed 

high sequence identities with other Streptomyces 

monofunctional catalases particularly with the whole 

protein of SAV_3052 (87% identity), a putative catalase 

from S. avermitilis MA-4680. Like most monofunctional 

catalases, two conserved domains are identified in KatA1: 

in the N-terminal region of the protein it is found the 

catalase active site motif (amino acids 47 to 63) and in 

the C-terminal region the heme-ligand motif (amino acids 

337 to 345). Upstream and divergently transcribed from 

katA1, catR was identified. CatR protein is 140 amino acids 

long and showed high sequence identity with other 

Streptomyces PerR like members of the Fur family of 

proteins (78 % to 83% identity), in particular with 

hydrogen peroxide sensitive repressors. It contains the 

four cysteine residues conserved in PerR like proteins 

(C92-X2-C95 and C132-X2-C135) involved in structural Zn2+ 

binding as well as the two histidine residues (H32 and H87) 

involved in Fe2+ (or Mn2+) coordination. 

A 1.8 kb Apa I fragment from cosmid SF6 was found to 

hybridize with probe SF internal to sodF. The fragment was 

cloned into Apa I-digested pGEM®-T Easy vector and 

sequenced. The fragment was 1775 bp and in silico analysis 

of the fragment showed the presence of one complete ORF, 

sodF (Seq. 1 - 642 bp). Comparison of the protein encoded 

by sodF (213 aa) with the non-redundant protein sequence 

database (NCBInr) revealed high sequence identity (91 to 95 

% identity over the whole protein sequence) with FeZn 

superoxide dismutase proteins from Streptomyces. Analysis 
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of the deduced amino acid sequence of SodF revealed the 

presence of the four conserved residues involved in binding 

to the metal cofactor (H28, H76, D165 and H169), two of 

them included in the SOD conserved motif [D165-A-W-E-H-A-F-

Y172]. Furthermore, the upstream genomic region of the sodF 

gene revealed the presence of the Ni-responsive regulatory 

motif (TTGCAN7TGCAA) suggested to be involved in the nickel 

dependent transcriptional repression of sodF.  

A 3.75 kb Bam HI fragment  from cosmid X10 was found to 

hybridize with probe AHP internal to ahpC. The fragment was 

cloned into Bam HI-digested pUC19 vector and sequenced. The 

nucleotide sequence analysis of the fragment revealed three 

complete ORFs: ORF1 (627 bp), oxyR (960 bp), ahpC (555 bp) 

and ahpD (534 bp) (SEQ 2). The deduced protein sequences of 

oxyR, ahpC and ahpD showed high sequence identities with 

counterparts from Streptomyces, in particular a hydrogen 

peroxide sensing regulator of the LysR-family, an alkyl 

hydroperoxide reductase and an alkylhydroperoxidase 

respectively. The three conserved catalytic cysteine 

residues described to be involved in the peroxidatic 

activity of Mycobacterium tuberculosis AhpC were identified 

in S. natalensis AhpC (C51, C164 and C166). Additionally, 

the conserved motif CXXC of electron transport proteins was 

identified in S. natalensis AhpD (C131 and C134). ORF1 

codes for a putative protein of unknown function that shows 

high identity with protein SGR3203 from S. griseus. 

 

Example 4: Anti-oxidant defective mutants have different 

natamycin production yield 

Construction of S. natalensis defective mutants 

Defective mutants in genes coding for anti-oxidative 

enzymes were constructed using the PCR targeting method  

(Gust et al., 2003). Three defective mutant strains were 
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isolated: Seq. 1 (CAM.02 (ATCC 27338 sodF::aac(3)IV-

oriT)), Seq. 2 (CAM.04 (ATCC 27338 ahpCD::aac(3)IV-oriT)) 

and Seq. 3 (CAM.05 (ATCC 27338  katA1::aac(3)IV-oriT)) and 

their identity was confirmed by Southern blot and PCR 

analyses. 

In the case of Seq. 3 (CAM.05) mutant, to further confirm 

the identity of KatA1 as being inducible by H2O2, a liquid 

culture of Seq. 3 (CAM.05) strain was challenged with a 

H2O2 insult during RG1 phase. The mutant strain was unable 

to induce catalase activity confirming that the catalase 

encoded by katA1 is indeed inducible by H2O2. Antifungal 

activity and the identity of natamycin produced by the 

knock-out mutants were confirmed by bioassay and ultra-

performance liquid chromatography (UPLC), respectively .  

SOD activity elicits natamycin production 

Superoxide dismutase (SOD) enzymes catalyse the dismutation 

of the superoxide anion radical into H2O2 and O2. Two types 

of SODs have been characterized in Streptomyces, a nickel 

containing SOD (NiSOD) and both iron and zinc containing 

SOD (FeZnSOD). Native PAGE analysis of S. natalensis crude 

extracts showed a band with SOD activity corresponding to a 

FeZnSOD expressed constitutively throughout the growth 

curve. It has been reported a nickel dependent regulatory 

system that controls the expression of either the NiSOD or 

the FeZnSOD in S. coelicolor and S. griseus, i.e., in the 

presence of nickel ions NiSOD is preferentially expressed 

whereas FeZnSOD expression is down-regulated. The presence 

of the Ni-responsive regulatory motif upstream from sodF 

suggests a similar regulation mechanism in S. natalensis. 

Indeed, in NiSO4 (20 M) supplemented YEME cultures, a 

second band displaying SOD activity can be observed in S. 

natalensis confirming the presence of a NiSOD. Moreover, 

the transcription of sodF was repressed in Ni-supplemented 

cultures as assessed by RT-qPCR. When protein extracts from 
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the sodF defective mutant (CAM.02) were analyzed by native 

PAGE, no FeZnSOD band was detected but it was still 

observed the band corresponding to the NiSOD in Ni-

supplemented cultures of the mutant strain.  

Deleting the FeZnSOD encoding gene created an imbalance in 

the intracellular H2O2 concentration of CAM.02 strain, 

throughout the growth curve. In particular, intracellular 

H2O2 levels at RG2 phase (when natamycin biosynthesis 

begins) decreased 33% in CAM.02 mutant when compared to the 

wild-type. Ni-supplementation of the CAM.02 culture broth 

restored H2O2 to wild-type levels.  

Quantification of natamycin at 72h in culture broths of 

CAM.02 strain grown in YEME medium, showed that the 

natamycin specific production of the mutant strain was 8.2 

% of that of the wild-type (Figure 2). Interestingly, the 

natamycin specific production was increased in CAM.02 

mutant grown in Ni-supplemented medium (34.3 % of the wild-

type). Complementation of the CAM.02 with sodF under its 

own promoter restored natamycin production to wild-type 

levels. 

 

Mutants defective in either H2O2 detoxification enzymes 

show a natamycin overproducer profile 

To counteract the increase in intracellular H2O2 levels, 

microorganisms have enzymes that present H2O2-scavenging 

activity such as catalases and the alkyl hydroperoxide 

reductase system. The S. natalensis mutants defective on 

such H2O2-detoxifying enzymes, CAM.04 and CAM.05 showed 

different phenotypic traits but both behaved as pimaricin 

overproducers, reaching 130% and 156% of the pimaricin 

produced by the wild-type strain, respectively (Figure 2). 

Also, it is worth noting that the pimaricin overproducer 

behaviour of the mutant strains, CAM.04 and CAM.05, was 
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enhanced by the addition of H2O2 to the culture broths 

during RG2 phase (Figure 2). Finally, complementation of 

the CAM.04 with ahpCD under its own promoter restored 

pimaricin production to the wild-type levels.  

The intracellular H2O2 levels of the S. natalensis CAM.04 

strain were higher than those of the wild-type strain, 

particularly during RG1 phase with a 3-fold increase. 

During RG2 and S/P growth phases the H2O2 levels were 30% 

to 40% above the wild-type strain levels. Concomitantly 

with the high H2O2 intracellular levels, the total catalase 

specific activity, namely during the exponential growth 

phases (RG1 and RG2), had a significant boost, reaching a 

30-fold increase in RG1 phase when compared to the parental 

strain.  
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The following claims set out a particular embodiment of the 

invention. 

 

Lisbon, 5 Agosto 2011. 
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Claims 

 

1. A method for obtaining natamycin in Streptomyces 

natalensis or gilvosporeus producing strain, 

comprising: 

 a S. natalensis or S. gilvosporeus mutant strain 

wherein at least one of following genes: sodF, 

ahpCD or katA1, or their homologues is/are non-

functional; 

 obtain a pure culture of the said Streptomyces 

mutant strain; 

 culturing said pure culture under conditions 

allowing the production of natamycin. 

 

2. The method according to any of the previous claims 

comprising the addition of H2O2 to the culture broth, 

preferably during the natamycin producing phases, 

preferably during the mid-late exponential phase of 

the said culture. 

 

3. The method according to the previous claims wherein 

the H2O2 the concentration is between 0,1 - 100mM. 

 

4. The method according to the previous claims wherein 

the H2O2 the concentration is between 1 - 10mM. 

 

5. Streptomyces natalensis or gilvosporeus mutant 

strain defective in at least one of following genes: 

sodF, ahpCD or katA1 or homologues thereof. 
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6. Streptomyces mutant strain according to the claim 5 

wherein the sodF gene is at least 86% homologue to 

the sequence Seq 1. 

 

7. Streptomyces mutant strain according to the claim 5 

wherein the ahpCD gene is at least 85% homologue to 

the sequence Seq 2. 

 

8. Streptomyces mutant strain according to claim 5 

wherein the katA1 gene is at least 75% homologue to 

the sequence Seq 3. 

 

9. Use of a mutant strain according to the previous 

claim for the production and preparation of 

natamycin. 

 

 

 

Lisbon, 5 Agosto 2011. 
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Fig 1. 

 

 

Fig. 2. 


