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Resumo 
 

Temperaturas baixas, porém não congelantes (acima de 0°C), são um grande 

fator de stresse, limitando a distribuição das plantas, os ecossistemas e a produção 

agrícola.  As principais lesões provocadas pelo stresse por baixa temperatura ocorrem 

no cloroplasto, a organela fotossintética, onde com a queda de temperatura a eficiência 

da fotossíntese diminui, as espécies reativas de oxigênio (ROS) são produzidas em 

excesso, as membranas são danificadas e a atividade enzimática diminui. 

Assim, para sobreviver, as plantas precisam se adaptar as condições de stresse, 

incluindo mudanças na expressão génica e na composição do proteoma, determinando 

as respostas ao stresse. Portanto, um grande desafio para a biologia de plantas é 

entender: 1) quais proteínas estão relacionadas exclusivamente com um determinado 

stresse, 2) como elas funcionam e respondem ao stresse e 3) encontrar a relação entre 

a atividade dessas proteínas e a eficiência da planta para tolerar o stresse para assim 

conferir uma tolerância eficiente.  

Nesse estudo, nós investigamos a tolerância de três variedades de feijões com 

diferentes níveis de tolerância ao estresse por baixa temperatura: Eureka (Phaseolus 

Coccineus L.), Złota Saxa e Urania Zielona (ambos Phaseolus Vulgaris L.).  

Primeiramente, os crescimentos dos três feijões sob temperatura padrão e sob 

temperatura fria foram analisados. Um notável atraso de crescimento foi observado em 

todos os genótipos cultivados sob condições de estresse por frio quando comparados 

às condições de temperatura padrão de crescimento, particularmente no tamanho da 

folha e no desenvolvimento reprodutivo. Embora ambas as condições de temperatura 

tenham sido suficientes para que todos os grãos atingissem os estágios principais de 

desenvolvimento, quando os genótipos são cultivados em baixas temperaturas é 

necessário um aumento do tempo para atingir os mesmos estágios de desenvolvimento 

reprodutivo como formação dos botões de flores, flores e frutos. É importante ressaltar 

que o atraso não afetou igualmente os genótipos. Eureka foi o genótipo com maiores 

folhas a óptima temperatura porém demonstrou um atraso mais significante quando 

comparado entre as condições de óptima temperatura a stress por frio. Por essa razão, 

para futuros experimentos diferentes dias foram selecionados para a colheita das folhas 

em diferentes feijões, a fim de coletar material das plantas nos mesmos estágios de 

desenvolvimento em todas as situações. Além disso, uma vez que o estresse de 

resfriamento afeta principalmente as estruturas das membranas do cloroplasto, as 

medições de fluorescência de baixa temperatura (77 K) foram usadas para examinar as 
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membranas dos tilacóides e ajudar no estabelecimento dos pontos de tempo de 

desenvolvimento a serem usados neste estudo. 

Em seguida, protocolos para o isolamento das frações de cloroplasto, tilacóides e 

estroma foram otimizados. A pureza das frações foi confirmada por 1D SDS PAGE 

seguida de immunoblotting, utilizando marcadores de tilacóide e estroma, confirmando 

o sucesso dos protocolos de isolamento de cada fração. Utilizando os protocolos 

otimizados, as frações subcelulares das folhas dos diferentes genótipos, nos momentos 

de desenvolvimento selecionados, nas duas condições de temperatura, foram utilizadas 

nos experimentos posteriores. 

Finalmente, 2D SDS PAGE foi realizado com sucesso em algumas das amostras 

e revelou algumas proteínas candidatas que podem estar potencialmente envolvidas na 

resposta ao estresse e adaptação à baixa temperatura dos genótipos. E as medições 

de fluorescência em baixa temperatura (77 K) mostraram os rearranjos nas membranas 

dos tilacóides a partir de 8 dias de crescimento dos grãos sob condições de estresse 

por frio. 

O grande marco alcançado neste trabalho foi o estabelecimento de um novo 

protocolo para a etapa IEF do 2D SDS PAGES com a fração tilacóide. As membranas 

dos tilacóides são o local da fase clara da fotossíntese e sua composição de complexos 

pigmento-lipídio-proteína contribuem para a insolubilidade que aumenta a dificuldade de 

separação isoelétrica. 

Devido à crise pandêmica, este trabalho não pôde ser concluído. Porém, quando 

todos os experimentos forem concluídos, poderemos indicar novas proteínas 

relacionadas à aclimatação ao frio e correlacionar os diferentes níveis de resistência ao 

estresse por frio com os genótipos, tratamentos e estágios de desenvolvimento dos 

grãos. Esta pesquisa deve contribuir para o desenvolvimento de novas estratégias 

empregadas na melhoria da tolerância de culturas ao estresse. 

 
 
Palavras-chave: stress ambiental, stress por baixa temperatura, feijões, cloroplasto, 

tilacóides, estroma, proteoma, Phaseolus Coccineus L., Phaseolus Vulgaris L. 
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Abstract 
Low temperature (above 0°C), but not freezing, is a major stress factor, limiting 

plant's distribution, ecosystems and crop production.  The main injuries of chilling stress 

occur in the chloroplasts, the photosynthetic organelle, where upon drop of temperature 

the efficiency of photosynthesis decreases, the reactive oxygen species (ROS) are 

produced in excess, the membranes are damaged and the enzymatic activity declines. 

Thus, in order to survive, plants need to adapt to the chilling stress conditions 

including changes in gene expression and proteome composition, determining stress 

response. So, a great challenge in plant biology is to understand: 1) which proteins are 

related exclusively to  chilling stress, 2) their location and mode of action during stress 

response and 3) to find a link between their activity and impact on plants acclimation to 

chill stress.  

In this study, we investigated the tolerance of three bean varieties with different 

level of chilling-stress resistance: Eureka (Phaseolus Coccineus L.), Złota Saxa and 

Urania Zielona (both Phaseolus Vulgaris L.).  

First, the growth of the three beans under standard and chilling temperatures was 

analyzed. A striking delay of growth was observed in all the genotypes grown under the 

chilling stress conditions when compared to standard temperature growth conditions, 

particularly in the leaf size and reproductive development. Although both temperature 

conditions were sufficient for  all the beans to reach the main developmental stages, 

when the genotypes are grown under low temperatures an increase of time is necessary 

to reach the same reproductive developmental stages as flower buds, flower and fruit 

formation. It is worth mentioning that the delay did not affected equally the genotypes. 

Eureka was the genotype with the largest leaves under standard temperature conditions 

but showed a more significant delay in the growth under chilling stress conditions. For 

this reason, different time points were selected to harvest the leaves for further 

experiments in the different beans, in order to collect the plant material in the same 

developmental stage in all the situations. Moreover, since the chilling stress affects 

primarily the chloroplast membranes structures, the low temperature (77 K) fluorescence 

measurements was used to examine the thylakoids membranes further help with the 

establishment of the developmental time points to be used in this study. 

Then, protocols for chloroplast, thylakoids and stroma fractions isolation were 

optimized. The purity of the fractions was confirmed by 1D SDS PAGE followed by 

immunoblotting, using thylakoid and stroma markers, confirming the success of the 
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fraction isolation protocols. Using the optimized protocols, the subcellular fractions from 

the leaves of the different genotypes, in the selected time points of development, under 

the two temperature conditions were used for the further experiments.  

Finally, 2D SDS PAGE was successfully performed in some of the samples and 

discloses some candidate proteins which could be potentially involved in the stress 

response and adaptation to low temperature of the genotypes. And the low temperature 

(77 K) fluorescence measurements showed the rearrangements in the thylakoids 

membranes starting from 8 days of growth of the beans under chilling stress conditions. 

The great milestone achieved in this work was the establishment of a new protocol 

for the IEF step of the 2D SDS PAGES with the thylakoid fraction. The thylakoids 

membranes are the site of light phase of photosynthesis and their composition of 

pigment-lipid-protein complexes contribute to insolubility which increases difficulty of the 

isoelectric separation. 

Due to the pandemic crises this work could not be completed. However, when all 

experiments are concluded, we will be able to indicate new proteins-related to chill 

acclimation and correlate the different level of chilling stress resistance with the 

genotypes, treatments and development stages of the beans. This research should 

contribute to the development of new strategies employed in the improvement of stress 

tolerance in crops. 

 

 

 

Keywords: environmental stress, chilling-stress, beans, chloroplast, thylakoid, stroma, 

proteome, Phaseolus Coccineus L., Phaseolus Vulgaris L. 
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1. Introduction 
 
1.1 Plastids 
 
1.1.1 Origin and evolution of plastids 

The very first appearance of photosynthetic eukaryotes arose from an 

endosymbiosis between a cyanobacterium and a heterotrophic unicellular eukaryote 

approximately 1.5 billion years ago. These two organisms became inextricably 

associated due to several processes that occurred during their co-evolution and originate 

the plastids (Archibald, 2015; Solymosi et al., 2018). This single extraordinary event 

inaugurates the eukaryotic phototroph and allows the evolutionary diversity of algae and 

land plants (Vries et al., 2016).  

The name plastid comes from the plasticity of this organelle, its ability to transform 

from one type of plastid into another, they are dynamically interconvertible (Solymosi et 

al., 2013). They are not formed but inherited from ancestry to continue their development 

in the descendants' organism. The differentiation of the structure of the plastids is due to 

their functions, changes in the environmental conditions and development of organs, 

tissues and specific cells during the life cycle of the plants (Solymosi et al., 2018). 

The plastids are, despite its current functionality, the evidence of conveyed residue 

from the immersed cyanobacterium. Cyanobacteria and plastids are homologous with 

very similar oxygen-producing photosynthetic machinery. Plastids contain a complete 

protein synthesizing machinery and information to code for about 100 of their 

approximately 2,500 proteins, the other proteins are produced by the nuclear genome 

and imported from the cytoplasm (Wise, 2007). 

It is a common misunderstanding to consider that plastids evolved in the oceans. 

The plastids most likely evolved in terrestrial-freshwater settings from a deep-branching 

cyanobacterial lineage widespread in freshwater microbialites and microbial mats. The 

closest cultured relative of primary plastids is Gloeomargarita lithophora, a recently 

discovered cyanobacterial lineage (Ponce-Toledo et al., 2017). 

Another inaccurate thought is to attribute the evolution to the carbon fixation. 

Plastids have a large variety of functions and different biochemical property that could 

be the evolutionary host–endosymbiont connection with the cyanobacteria (Vries et al., 
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2016). The impressive diversity of plastids brings complications to surely affirm their 

evolutionary history (Archibald, 2009). 

 
1.1.2 Types of plastids  

Plastids are dynamic semi-autonomous eukaryotic organelles presenting a variety 

of specialist forms with an essential range of roles and developmentally regulated 

functions inside plant and algal cells, including photosynthesis, carotenoids accumulation 

in flowers and fruits (chromoplasts), amino acids and lipid synthesis, starch accumulation 

(amyloplasts) and oil storage, gravity sensing, stomatal functioning, and environmental 

perception (Wise, 2007; Tomizioli et al., 2014). As organelles with different functionalities, 

plastids can be categorized according to their color, morphology, function and structure 

(Wise, 2007).  

Plastids are highly interconvertible. Their differentiation occurs with the cellular 

differentiation (under genetic control, developmental signals, cellular signals, hormones, 

etc) and due environmental factors (biotic and abiotic stresses) (Lindquist et al., 2016).  

The proplastid is the undifferentiated organelle found in meristematic tissues, 

during plant development. They are the precursors to the other plastid type and 

differentiate into the structure needed for the plastid to function as required (Sadali et al., 

2019). From the proplastid, the differentiation can lead to chloroplast, etioplast, 

chromoplast, leucoplast (Figure 1) and many other types of plastids (Solymosi et al., 

2018). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 - Typical ultrastructure and interconversions of the major plastid (Solymosi et al., 2018). 
Pg: plastoglobule; S: starch; white asterisks are located at the two endpoints of a β-carotene crystal; black asterisks: 

nucleoid regions; black arrowhead: prolamellar body.  
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1.1.3 Etioplasts 
Etiplasts are, essentially, achlorophyllous plastids present in shoot tissues whose 

development was arrested during the differentiation from proplastid to chloroplast in 

consequence of the absence of light or extremely low light conditions. However, once 

light conditions are established back to optimal the etioplast continues to differentiate 

into chloroplast (Franck et al., 2000; Wise, 2007; Sadali et al., 2019).  

Regarding structure and function,  two features separate the etioplasts from other 

types of plastids. First, the prolamellar body (PLB) – a membrane composed of 

interconnected tubules – and second, the accumulation of the chlorophyll precursor, 

protochlorophyll(ide) a [Pchl(ide) a]. Both features are correlated to the presence (or 

lack) of a light-dependent oxidoreductase (NADPH:protochlorophyllide oxidoreductase 

[LPOR]). This enzyme is nuclear-encoded and is synthesized as a cytosolic precursor 

and later imported into plastids. POR is an abundant protein that catalyzes the only light-

dependent reaction in the chlorophyll biosynthetic pathway, therefore being a plastid-

specific photosensor that triggers the light-dependent chlorophyll biosynthesis and 

membrane reorganization during the transformation of an etioplast into a chloroplast 

(Franck et al., 2000). 

 
1.1.4 Chloroplasts  

During illumination of developing green organs, chloroplasts differentiate directly 

from proplastids. If light is temporally or spatially limited, chloroplast development may 

additionally include etioplasts (Lindquist et al., 2016).  The prolamellar bodies (PLBs) 

from etioplasts together with prothylakoids (PTs), form flattened porous membranes. The 

PLBs are the precursors of the thylakoid membranes in the chloroplasts (Kowaleska et 

al., 2016). 

Chloroplasts (Figure 2) are separated from the cytosol by a double membrane 

(outer and inner membrane) with an intermembrane space in-between. They contain an 

internal fluid known as stroma and a third membrane system called thylakoid membrane 

(Kirchhoff, 2019). 

The color green is directly related to the role of photosynthetic systems attributed 

to the chloroplasts and more specific to the antenna complex systems in the thylakoids 

membranes. Chloroplasts are green due to the fact that chlorophylls absorb from the 

sunlight the red (660 nm) and the blue (430 nm) parts of the spectrum and only the green 

(550 nm) in-between is reflected (Safynar et al., 2015). Since all pigments in 
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photosynthesis are located in the chloroplast, this is the exclusive organelle where 

photosynthesis occurs. 

They are considered as semi-autonomous organelles because, in addition to 

nuclear encoded proteins, they contain their own DNA and protein-synthesizing 

machinery, being capable of a limited amount of protein synthesis. The functions of 

chloroplast rely on ~3000 proteins residing in the organelle however their genomes 

encode ~100 proteins, which means that even with their autonomy most part of the 

proteins are imported after synthesis in the cytosol. Imported proteins generally possess 

a cleavable N-terminal extension, called transit peptide, to direct them into chloroplasts 

and to target them to their final destinations within plastids (Shiu et al., 2013). 

At the chloroplast membranes, the Tic-Toc types of machinery are two interacting 

protein conducting complexes established in the envelope membranes. Toc (for 

Translocon at Outer envelope membrane of Chloroplast) and Tic (for Translocon at Inner 

envelope membrane of Chloroplast).  The Tic complex consists of as many as eight 

components, namely Tic22, Tic110, Tic40, Tic20, Tic21 Tic62, Tic55 and Tic32.  The 

Toc complex contains two precursor receptors, Toc159 and Toc34, a protein channel, 

Toc75, and a peripheral component, Toc64/OEP64 (Shiu et al., 2013).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 - Chloroplasts structure and metabolic competences (Kirchhoff, 2019). 
The chloroplast takes low- energy components (orange box) and converts them into high-energy metabolites (blue box) 

by using sunlight energy. 

 

Chloroplasts have the most abundant soluble protein (ribulose 1,5 bisphosphate 

carboxylase/oxygenase, RuBisCo), the most abundant membrane protein (light-

harvesting complex II, LHCII), the most abundant pigments (chlorophyll), and the most 

abundant lipid (monogalactosyldiacylglycerol, MGDG) (Kirchhoff, 2019). 



FCUP 
Influence of chilling stress in three different bean species with variable resistance to cold 

 

5 

1.1.5 Other plastid types 
As mentioned before plastids are organelles with a great variety of functions inside 

plant and algal cells. Taking that into consideration and also how plastids are developed 

from the proplastid, the existence of other types of plastids is anticipated. It has also 

been mentioned the way how plastids can be categorized (by color, morphology, and 

structure). For example, non-photosynthetic plastids can be divided, based on 

pigmentation: leucoplasts (the non-colored “white” plastids) or chromoplasts (the colored 

ones). Leucoplasts include the etioplast, which is generated in arrested development of 

the protoplastid caused by lack of light, the elaioplast, whose function is to store oils and 

proteins, the amyloplast, that functions as a synthesizer and storage of amid, and the 

proplastid itself.  Chromoplasts, on the other hand, include the chromoplast itself, the 

chloroplast, and the gerontoplast, which comes from the chloroplast in leaves that are in 

the senescence process (Wise, 2007; Sadali et al., 2019).  

 

1.2 Thylakoid mebranes compositions 
Inside the chloroplasts, are the thylakoids membranes. They are accepted to be 

shaped by invaginations of the inner envelope membrane at the early stages of 

chloroplast development (Solymosi et al., 2012). 

The thylakoid membrane (Figure 3) is divided in two morphological domains: 

stacked membranes called grana (granum for plural) and unstacked stroma thylakoids 

(Mazur et al., 2020). The mentioned two domains are not completely separated, the 

thylakoid membrane sorts out laterally into stacked grana discs and unstacked stroma 

lamellae, both contains different sets of membrane protein complexes (Daum et al., 

2010). 

The grana is cylindrical, formed by a pill of closed discs. Each chloroplast contains 

approximately 40–60 grana stacks that are formed usually by 5–20 folded thylakoid 

layers and have a diameter ranging from 300 to 600 nm (Rantala et al., 2020). Internally, 

the central aqueous region is the thylakoid lumen (Rumak et al., 2012). The interface 

between grana and stromal thylakoid, called as grana margins, has a biochemically 

different composition, however the statement is still under debate (Rantala et al., 2020). 

The inside area of the grana, occupied by the lumen, is around 4.5 to 9 nm (Rantala et 

al., 2020). The stromal lamellae is present within the stacked grana regions (which has 

size between 3,2 to 4 nm) and the interconnecting unstacked thylakoids (Rantala et al., 

2020).  
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Although plant membranes are typical lipid bilayers with the presence of functional 

proteins, in the case of thylakoids the proportion of protein components to lipids is 

extremely high (Janik et al., 2013). The proteins can approach 70% of the plant thylakoid 

membrane surface and up to 80% in the grana regions of the thylakoid membranes 

(Kirchhoff et al., 2008). The lipids in the other 30% are formed by 50% of monogalacto-

syldiacylglycerol (MGDG), ∼30% of digalactosyldiacylglycerol (DGDG), ∼5–12% of 

sulfoquinovosyldiacylglycerol (SQDG) and ∼5–12% of phosphatidylglycerol (PG) (Mazur 

et al., 2020).  

 The interesting detail is that MGDG, as the main galactolipid of the thylakoids, is 

a non-bilayer forming lipid due to its two highly unsaturated fatty acyl chains (Mechela et 

al., 2019;  Mazur et al., 2020). The role of MGDG is still unclarified. The MGDG/DGDG 

ratio is considered to be important for the structural stability of the thylakoid membrane 

since  thylakoid biogenesis strongly depends on the propensity of MGDG to self-organize 

in the hexagonal phase and to switch to a lamellar phase (Rocha et al. 2018).  An altered 

MGDG/DGDG ratio was shown to be structurally reflected by the formation of smaller 

grana, local changes in grana stacking, and significant changes in the spatial 

organization of the thylakoid network (Mazur et al., 2019). 

The thylakoids perform the light-dependent reactions of photosynthesis. It includes 

several following steps: the capture of light energy by chlorophyll, the excitation of 

chlorophyll in the light-harvesting complex (LHC), the transfer of the excitation energy to 

the two photosystem protein complexes (PSII and PSI) through oxidation of the water 

and release of oxygen, protons and electrons and production of ATP and NAPH to be 

used for CO2 fixation (Wood et al., 2019). PSII and LHCII are present in the stacked 

grana thylakoids whereas PSI, LHCI, and ATP synthase are found in the nonstacked 

stroma lamellae. Cytochrome b/f is distributed throughout both types of lamellae (Daum 

et al., 2010). 
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Figure 3 -  The thylakoid membrane and its domains (adapted from Rantala et al., 2020). 
The putative location of photosynthetic protein complexes involved in linear electron transfer. The thylakoid membranes 

of higher plants are folded into layers of appressed grana stacks (green). The space between the adjacent thylakoid layers 

in grana is designated as stromal gap. The separate grana stacks are helically connected by four to six non-appressed 

stroma thylakoids (blue). The interface between the appressed and non-appressed membranes is called grana margins 

(purple), hosting both photosystems. 

 

The thylakoid membrane is structured to lead the electron flow by the distribution, 

lateral diffusion, and complex formation of the membrane-bound proteins. A proton 

gradient is created to generate ATP by the ATP synthase protein complex via 

photooxidation of water in PSII and oxidation of reduced plastoquinone (PQ) by 

cytochrome b6/f (cyt b6/f) complex (Yoneda et al., 2020). 

Even though some structure details of the two domains are missing to fully 

understand how specifically the thylakoid membrane proteins and lipids regulate the 

photosynthetic functions (Yoneda et al., 2020), it is known that the thylakoid membranes 

are able to adjust due to environmental conditions (Rantala et al., 2020). 

The Chlorophyll-Protein (CP) complexes are organized hierarchically in 

supercomplexes and megacomplexes and heterogeneously distributed in thylakoids 

(Rumak et al. 2012). The arrangement and spatial segregation of the supercomplexes 

and megacomplexes play a role in optimization of light harvesting and energy transfer 

under changing light conditions (Daum et al., 2010). The LHCII diffuse in the membrane 

to balance the excitation energy between PSII  and PSI under fluctuating light conditions 

(Rantala et al., 2020). Those mechanisms are necessary to balance the electron flow, 
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state transitions and PSII repair after photoinhibition or nonphotochemical quenching 

(Daum et al., 2010). 

1.3 Photosynthetic complexes   
Photosynthesis is the only biological way to absorb solar energy and to convert it 

into chemical useful energy. The major light reactions of photosynthesis are catalyzed 

by membrane proteins (Wood et al., 2019).  

Not many different membrane protein structures have been unravelled in 

comparison with soluble proteins (Fromme and Grotjohann, 2008). The primary 

reactions of photosynthesis are the only membrane-bound processes where at least 

partial structures of all major proteins and protein complexes have been determined (Li 

et al., 2020): PSII-LHCII supercomplexes, PSI-LHCI supercomplexes and cytochrome 

b6/f complex  (cytb6/f ) (Rantala et al., 2020). 

Photosystems I and II present in different domains, stromal lamellae and grana 

stacks respectively, work in series and are functionally coupled by the cytochrome b6/f 

complex which is present in both domains (Wood et al., 2019).  The major membrane 

protein complexes perform the light reactions by being heterogeneously distributed 

among these two regions and cooperating to generate a proton gradient across the 

thylakoid membrane by light-driven charge separation  (Daum et al., 2010). 

 
1.3.1 PSII  

The photosystem II (PSII),  in stacked grana core, together with the light-harvesting 

complex II (LHCII) proteins forms the PSII-LHCII supercomplex structures (Albanese et 

al., 2020; Mazur et al., 2020). It catalyses the oxidation of water through a redox balance 

which is achieved mainly by reversible phosphorylation of PSII – LHCII supercomplexes, 

slowing down the electron transport and by thermal dissipation of excess energy  

(Mechela et al., 2019) 

The light-harvesting antenna of PSII consists of several proteins, which together 

bind around 300 chlorophyll molecules (Horton, 2013). The core consists of four tightly 

associated major subunits:  the D1 and D2 reaction centers, CP47 and CP43 core 

antenna complexes (Koochak et al., 2019).  

The chlorophyll proteins CP47 and CP43 bind about 15 chlorophyll a molecules 

and 2-3 β-carotenes each. Besides harvesting light energy and transferring it to the PSII 

reaction center, they are also indirectly involved in the water oxidation process catalysed 

by PSII (Barber et al., 2000). Furthermore, the LHCII is also formed by six different Lhcb 

proteins (Lhcb1-6) which bind chlorophyll a, chlorophyll b, and xanthophylls to form 
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several different complexes – LHCII (Lhcb1-3), CP29 (Lhcb4), CP26 (Lhcb5), and CP24 

(Lhcb6) (Horton, 2013). The D1 and D2 are the heterodimeric reaction center proteins 

that bind all of the redox-active cofactors, including the water-oxidizing Mn cluster and 

the special pair of reaction center chlorophylls P680 which is the reason why 

photosystem II preferentially absorbs red light of 680 nm (Johnson, 2016). 

 
1.3.2 PSI 

The photosystem I (PSI), in the stroma lamellae, together with the light-harvesting 

complex I (LHCI) proteins forms PSI-LHCI with 16 protein subunits and 232 cofactors 

(Rantala et al., 2020). PSI-LHCI coordinates 192 light-harvesting pigments (Mazor et al., 

2017). The special pair of chlorophylls at the reaction center in PSI is named P700 and 

in reduced state it absorbs maximally at 700 nm (Johnson, 2016). 

During photosynthesis, both systems operate together. PSII provide electrons by 

light-induced water-splitting reaction, PSI mediate the electron to form NADPH from 

NADP+ . PSII and PSI have the ability to form supercomplexes with other photosynthetic 

proteins, they are also tightly coupled to allow efficient light-driven electron transport. PSI 

can bind to LHCII and antenna increasing the light-harvesting capacity for PSI under 

state transition (Yadav et al., 2017). 

However, it is not fully reveled how the photosynthetic regulation is done between 

the two dimensional organizations including membrane proteins and lipids (Yoneda et 

al., 2020). 

 
1.3.3 Linear and cyclic electron flow 

Two important modes of electron flow have been described in the chloroplast: 

linear electron flow (LEF) or Z-scheme and the cyclic electron flow (CEF). The LEF also 

receives the name z-scheme due to the redox potential of the electron flow from water–

oxygen couple (+820 mV) NADP+/NADPH (−320 mV) during photosynthetic electron 

transfer (Figure 4) (Johnson 2016). The LEF starts with the LHCII receiving the light 

excitation to initiate the electron transfer reactions in PSII. The light energy in PSII is 

used to oxidize water to O2 in the thylakoid lumen. The protons are released into the 

lumen, the electrons are received by plastoquinones which transfer them to cytochrome 

b6/f. The cytb6/f complex is a plastoquinol–plastocyanin oxidoreductase, it transfers the 

electrons to plastocyanin and finally to PSI. PSI drives the electron transport further to 

ferredoxin (Fd) and ferredoxin-NADP reductase (FNR) to reduce NADP+ + H+ to 
NADPH. The protons transferred into the lumen are diffused to the ATP synthase 
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enzyme, the electrochemical potential gradient is used to synthesize ATP in the stroma. 

The final products ATP and NADPH are utilized in the stroma metabolic reactions by the 

Calvin-Benson cycle (Johnson, 2016; Rantala et al., 2020).  

 

Figure 4 – The linear electron flow (LEF) or Z-scheme (Johnson, 2016). 
The main components of the LEF on a scale of redox potential, showing the electrons transfer from PSII (the light 

energy exciting P680 and water) to PSI (the light energy exciting P700) and NADP+ receiving the electrons by the end. 

 

In the cyclic electron flow (CEF), the production of ATP is due NADPH. The 

electron flow comes from NADPH and PSI back to cytb6/f. PSII has no participation. This 

is an important pathway which works as response to environmental conditions. The 

metabolic change makes CEF the main contributor to photosynthetic electron flow during 

abiotic stress such as drought, high light and extreme temperatures (Yadav et al., 2017).  

 

1.4 Stress and response  
Stress is any change in the conditions that disrupts metabolic homeostasis, 

development and growth of the plant. It is measured in relation to plant survival, crop 

yield, growth (biomass accumulation), or the primary assimilation processes (CO2 and 

mineral uptake), which are related to overall growth (Shulaev et al., 2008). Thus, in order 

to survive, plants need to overcome the injuries and keep the balance of metabolism. 

Perception and response to stress are regulated by multiple mechanisms leading to 

acclimation. 
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Plants are sessile organisms and therefore do not have the same benefit as 

animals to move when they face unfavorable conditions. The stress faced by the plants 

can be divided into two groups. The first group includes abiotic factors, for instance 

fluctuation on light and temperature. The second group, the biotic factors,  includes as 

examples weeds, pathogens, and insect) (Suziki et al., 2014).  

Environmental adverse conditions for plants act as abiotic stress and disturb the 

efficiency of the photosynthetic machinery, making photosynthesis the most affected 

process. The main injuries of stress take place in chloroplast,  the photosynthesis site: 

the efficiency of photosynthesis decrease, excess reactive oxygen species (ROS) are 

produced, membranes are damaged and enzymatic activity declined (Suziki et al., 2012).  

Unravel stress response mechanisms used by plants against abiotic stresses is 

the goal of many researches focusing on different steps such as signaling perception, 

transcriptional regulation and expression of functional proteins (Hirayama and Shinozaki, 

2010).  

Plant response to stress is a process that depends on a developmental stage, 

duration and the stress intensity. The response stress relies on the plant's ability to: 

perceive the stress, transduce it as an internal signal and activate or repress the 

expression of determined genes (Smallwood and Bowles, 2002). 

A signal transduction pathway begins with signal perception, followed by the 

generation of secondary messengers. Rigidification of membranes, biochemical 

perturbations, energy imbalance caused by the instability of the enzymes structure could 

all act as the perception of the stress and initiate signaling cascades. The influx of 

calcium ions acts both as perception and signal, it can be transduced by sensors which 

change their phosphorylation status when they sense the elevation of Ca2+ ions such 
as calmodulin, calcium-dependent protein kinase (CDPK), calcineurin B-like proteins 

(CBLs) and CBL-interacting protein kinases (CIPKs) (Pareek et al.,  2017). The mitogen-

activated protein kinase (MAPK) cascades - universal signal transduction that 

coordinates a wide variety of stimulated cellular processes, such as proliferation, 

differentiation, development, stress response, and apoptosis- is also involved in the low-

temperature response signal transduction (Pareek et al.,  2017). Secondary messengers 

promote a protein phosphorylation cascade that finally targets proteins directly involved 

in cellular protection or transcription factors controlling the expression of stress-regulated 

genes (Xiong et al., 2002). 

The tolerance is induced by a large number of genes that mainly express three 

different functional proteins: structural, transcription factors or signaling and osmo-
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protectants capable to delay development stages (Brenton et al., 2003). The adaptation 

is a complex mechanism with many crossed pathways. Gene regulation implies many 

steps at transcriptional (splicing) and translational/post-translational levels. For instance, 

post-translational protein modifications (for example phosphorylation) determine its 

subcellular localization, stability and activity. Therefore, gene expression pattern 

frequently does not correspond to the final protein product. Moreover, the alterations on 

the proteome act as direct effectors in a response to stress (Bogeat-Triboulot et al., 

2007).   

The plant acclimation process is complex, involving several pathways and often 

faces interaction between more than one type of stress that may intensify or minimize 

the effects.   

 

1.5 Role of light and signaling in gene regulation during plant 

development  
Light is a major regulator for plant growth and development. It directly and indirectly 

impacts photoreceptors, signaling, gene expression, metabolism, physiology and 

morphology. More than 32% of genes respond to changing light conditions in Arabidopsis 

(Ma et al., 2001). The changes are specific for different tissue, parts of the plant and 

developmental stage (Liu et al., 2020).  

The perception of the light is the first step. Plants can sense the several parameters 

of light: quantity, quality (wavelength), direction and duration (Petrillo et al., 2014). The 

photoreceptors act both on light perception and on activation of internal light responses. 

Photoreceptors in plants include: the UV receptor UVR8, cryptochromes, phototropins, 

LOV-domain sensors, and phytochromes (Folta and Carvalho, 2015). Cryptochromes, 

phototropins, and LOV-domain sensors are the main responders to blue light, while 

cryptochromes interfere with green light absorption and phytochromes are mostly 

responsive to red and far-red light, and additional role in absorbing blue/near UV light 

(Liu et al., 2020).  

Phytochromes (phy) rapid response to environmental conditions is allowed by their 

photo reversibility. As response, phytochromes activation controls the expression and 

activity of transcription factors that initiate signaling cascades with transcriptional and 

posttranscriptional controls. During the plant development, phytochromes control seed 

germination, flowering establishment, and shade avoidance responses. They are also 
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responsible for epigenetic remodeling leaded by red and far-red light responses (Torres 

et al., 2019).   

Cryptochromes (cry)  are additional regulators of photosynthesis which play roles 

during seed germination, flowering, and control of stomatal opening. Arabidopsis 

contains two main cryptochromes: CRY1 and CRY2. Both CRY1 and CRY2 relay on light 

signals through pathways (distinct and common ones), to lead alterations on the 

developmental programs in plants (Liu et al., 2016). They are activated through 

phosphorylation, which activates internal cascades involving transcriptional and post-

transcriptional regulation. Cry also mediate light responses through epigenetic regulation 

(Torres et al., 2019).   

Photoreceptors transmit light signals to downstream transcription factors, for 

instance: helix-loop-helix proteins phytochrome-interacting factors and the bZIP protein 

LONG HYPOCOTYL5 (HY5) (Torres et al., 2019). The regulator of light responses HY5 

has been identified in various plant species involved with diverse signaling pathways by 

directly binding to the cis-regulatory elements of promoters in a sequence-specific 

manner. In darkness condition, the E3 ubiquitin ligase CONSTITUTIVELY 

PHOTOMORPHOGENIC1 (COP1) specifically targets positive photomorphogenic 

factors such as HY5 for ubiquitination and degradation (Li et al., 2017). HY5 also 

regulates expression of several miRNAs that in turn control the transcript accumulation 

of different target genes (Zhang et al. 2011) Light triggers seed germination, inhibits 

hypocotyl growth, and promotes chloroplast differentiation and initiation of 

photosynthesis.  

Seed germination and early seedling development are controlled by  light and 

phytohormones.  Two important hormones at this stage with antagonistic activities are 

abscisic acid (ABA) and gibberellic acid (GA). Light-activated phyB triggers a decrease 

in ABA and an increase in GA levels, resulting in the promotion of seed germination (Seo 

et al. 2008).  

The flowering stage is also underlying of light quality and quantity. The transition 

of the meristematic vegetative apex to a meristematic floral meristem is led by floral 

integrators, for instance the florigen FLOWERING LOCUS T (FT). Immediately upstream 

of floral integrators, additional essential players communicate environmental cues to 

downstream pathways. Some transcription factors involved in this light signaling cascade 

are FLOWERING LOCUS C (FLC) and CONSTANS (CO) (Blümel et al. 2015). CO is the 

main responder to long day inputs. It is stabilized by cry2 and phyA during late afternoons 
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and by the circadian clock to rhythmically induce FT expression under long days (Torres 

et al., 2019). 

Moreover, the light is an external factor that changes during the day. The circadian 

clock is a robust system that oscillates in 24 hours period to regulate the rhythmicity of 

the plants. The fitness of the plants relies on this regulator system to fit environmental 

conditions and adapt the metabolic and developmental processes (Hotta et al., 2007). 

The synchronization receives external inputs from light and temperature to connect 

to internal regulatory feedback loops. The loops inside the plants contain regulatory 

elements that act at the transcriptional, posttranscriptional, and posttranslational levels 

(Torres et al., 2019).  

For example, one mechanism that connect photoperiod to internal changes is the 

chromatin remodeling (Barneche et al., 2014).  The survival and fitness of the plants 

depends on reversible epigenetic modifications integrating the light and internal signals.  

Usually, two types of responses of photosynthetic apparatus to light regime 

fluctuations are distinguished: long-term responses and short-term ones (Schumann et 

al., 2017). 

 
1.5.1 Plant short- and long-term adaptations to light 

The adaptations of the plants require a balance of the metabolic processes. It is 

important to match the ATP and NADPH  production with the demand and manage the 

electron and proton flow while simultaneously minimize light-induced oxidative damage. 

The final acclimation to external conditions is as important as the flexible regulation during 

the variations. 

Some changes can be done within seconds or minutes, so-called short-term. They 

include regulation of structure and function of existing components. In order to deal with 

shady environments, photosynthetic membranes evolved their light-harvesting antenna. 

The fluctuation on light disponibility may expose the antennas to high light and harm the 

photosystems. Rapid saturation may lead to a decline in photosynthetic efficiency, 

photosynthetic reaction centers closure, photoinactivation and more extremely, death of 

the photosynthetic cell or organism (Ruban, 2016). 

Nonphotochemical chlorophyll fluorescence quenching (NPQ)  is a process in 

which excess absorbed light energy is dissipated into heat. This molecular adaptation is 

the fastest response of the photosynthetic membrane and it is independently of the light-

harvesting antennas or reaction centers (Kaiser et al., 2019). Some examples of short-

term responses are: the dynamic relaxation of non-photochemical quenching (NPQ) upon 
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shading events, Calvin–Benson cycle enzyme activation/deactivation, grana stacking, 

regulation of the relative antenna sizes of PSI and PSII (state transitions), PSII repair 

cycle and the regulation of photosynthetic electron transfer (Minagawa, 2013). 

The changes which require modifications in gene expression take hours or days 

are called long-term adaptations, frequently referred as acclimation. They involve protein 

synthesis and degradation, renew of the photosynthetic machinery. Most of the possible 

changes due to long-term adaptations affect: composition of the membranes, number of 

chloroplasts, content and qualitative composition of chlorophylls and carotenoids, ratio of 

chlorophylls a/b, relative numbers of reaction centers of two photosystems, size of 

photosynthetic antenna and leaf structure (Bukhov, 2004). 

Long-term adaptations light induced, or photoacclimation, are a complex array of 

changes that may occur at the leaf level or at the chloroplast level. Whereas chloroplast 

level includes differences in the ratio and content of pigments, enzymes and 

photosystems, the leaf level includes changes in the anatomy, thickness, stomatal and 

chloroplasts. Both levels are regulated independently and separated experimentally. 

Chloroplast level acclimation is usually similar withing varieties however the leaf level is 

shown to be more particular therefore may be the key to explain different acclimations 

and resistance in different varieties (Wentworth et al., 2006). 

Both long-term and short-term adaptations must work in cooperation. The long-term 

responses are a prerequisite for the survival of the plant.  Yet, they limit the balance of 

resources and become insufficient for photoprotection. Excess of light exposure causes 

profound damages within minutes (Ruban, 2016). Short-term responses are essential for 

efficient light utilization and to avoid photooxidative damage (Schumann et al., 2017). 

 
1.5.2 Light influence on photosynthetic genes activity 

Light regulates the expression of genes encoding chloroplast proteins involved in 

the process of photosynthesis. The expression is highly regulated at transcriptional, 

post-transcriptional and translational levels.  

Most of the nuclear-encoded genes related to photosynthesis are part of a 

multigene family in plants. Quantitatively and qualitatively different patterns, within the 

members of a gene family, are found in untranslated regions, indicating the variability 

of regulatory mechanisms. The mRNA plays an important role in transcription, 

processing, splicing, alternative splicing, transport and translation of photosynthetic 

genes (Petrillo et al., 2014). Up to 60% of intron-containing genes in Arabidopsis 

thaliana undergo alternative splicing (Wang et al., 2014) and one third of the 
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transcriptome can be regulated by light in Arabidopsis. Similar results were obtained in 

other plant (Jiao et al., 2005).  

Their expression is greatly influenced by the quality, termed as fluence responses, 

as well as duration, known as photoperiodic responses, of light (Tyagi et al., 2003). 

Changes in light quality might lead to redox changes and production of ROS, which 

have been shown to control the expression of genes in the chloroplast genome at both 

the transcriptional and translational levels, as well as the expression of nuclear genes 

mainly at the transcriptional level (Pfannschmidt et al., 2009). 

Photosynthetic redox signals are widely accepted as an important class of 

retrograde signals from chloroplasts which senses light fluctuations and coordinates the 

expression of photosynthesis genes in both organelle and nucleus by retrograde 

signaling pathways (Fernández et al., 2008). 

 
1.5.3 Chlorophyll biosynthesis 

Proplastids can develop into pre-granal and finally chloroplasts in young 

cotyledons and in the shoot apical meristem or they can develop without light into 

etioplast in cotyledons and leaves. During the germination process which usually occurs 

beneath the soil, in the darkness, the proplastids differentiate into etioplasts (Rudowska 

et al., 2012).  

Etioplasts containing the prolamellar body (PLB), a paracrystalline lipid–pigment–

protein structure, and prothylakoids (PT), lamellae which emerge from PLB.  They do not 

contain chlorophyll or stacked thylakoid membranes (Kowalewska et al., 2019). 

Upon illumination etioplasts differentiate into chloroplasts. The PLBs and PT 

transform into the lamellar thylakoid networks. PLB contains over 60 proteins, it the main 

includes galactolipids, carotenoids, and protochlorophyllide (Pchlide) and 

protochlorophyllide oxidoreductase (LPOR) enzyme. The LPOR forms a ternary complex 

with NADPH and protochlorophyllide (Pchlide) – chlorophyll precursor (Bykowski et al., 

2020). LPOR enzyme convert Pchlide into chlorophyllide a, which is subsequently 

converted into chlorophyll a and b (Reinbothe et al., 2010). 

The common pathway for chlorophyll biosynthesis is complex and has several 

branches like siroheme and heme branches. The Mg branch starting with the 

protoporphyrin IX is the branch which LPOR interacts with Pchlide to form chlorophyll 

a and b (Masuda et al., 2008).  

The protoporphyrin IX starts with the first committed precursor, 5-aminolevulinic 

acid (ALA). Two molecules of ALA are condensed to form the monopyrrole, 
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porphobilinogen, four molecules to form the cyclic tetrapyrrole, uroporphyrinogen. From 

this step, the pathway is bifurcate in siroheme and heme branches. Protoporphyrin IX is 

formed after further steps including decarboxylations and oxidation (Masuda et al., 

2008). 

The Mg branch includes the of Mg2+ into protoporphyrin IX  by Mg-chelatase.   

Mg-protoporphyrin IX is sequentially modified by methylation, formation of the fifth 

isocyclic ring and reduction of a sidechain of the tetrapyrrole ring, to configure Pchlide. 

LPOR then, catalyzes the photoreduction of protochlorophyllide to chlorophyllide during 

chlorophyll synthesis (Meng et al., 2018). The interconversion of Chl a and Chl b known 

as “Chl cycle” A portion of Chl a is converted to Chl b by the activity of Chlide a oxygenase 

(CAO) (Masuda et al., 2008). 

 

1.6 Influence of low temperature stress on plant physiology  
 
1.6.1 Cold stress: diferent temperature ranges 

Together with light, temperature is another major factor determining the distribution 

of plants around the globe. The plant’s tolerance to low temperature has geographic, 

thus ecological and economical importance (Lobell et al., 2014; Suzuki et al., 2014; 

Nakabayash et al., 2015).  Moreover, the temperature affects plant growth during all 

stage of life from germination to maturity (Liu et al., 2018). 

The broad range of tolerance varies significantly between and within species and 

it also relies on the temperature treatment. Depending on the temperature value, cold 

stress can be divided into two types of stress: the chilling stress including temperatures 

below 15°C but higher than zero and freezing stress with temperatures lower than 0°C 

(Theocharis et al., 2012). According to this allotment, plants may suffer from different 

injuries and be classified as “sensitive” or develop normally and be considered as 

“tolerant”. Some known examples of chilling-sensitive plants are tomatoes, cucumbers 

and beans. Among chilling-tolerant are Arabidopsis, spinach and cabbage (Stitt and 

Hurry, 2002). 

The drop-in temperature decreases the efficiency of the photosynthesis process, 

once the plant struggles to maintain a steady-state balance between energy generation 

and consumption (Suzuki et al., 2012).  

Regardless of the species or the intensity of the stress, chloroplast is the most and 

firstly affected organelle. The first general ultrastructural symptoms of chilling injuries 
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are: starch depletion (reduction in size and number), chloroplast swelling and thylakoid 

dilation, unstacking of grana, formation of small vesicles of chloroplast peripheral 

reticulum, lipid droplet accumulation in chloroplast and condensation of chromatin in the 

nucleus (Kratsch and Wise, 2000). Abnormal morphology, growth retardation, chlorosis, 

and inhibition of photosynthesis are observed as results of chilling stress (Liu et al., 

2018). Most chilling sensitive species show disruption of the chloroplast, cell plasmolysis 

and necrosis (Theocharis et al., 2012). 

The membranes perceive quickly the decrease in temperature and become more 

rigid. The mosaic-fluid model under low temperature tends to solidify the lipids in the 

bilayer into a semi-crystalline structure. Importantly, this change can happen at different 

temperature ranges, depending on the lipid composition of each membrane (Ruelland 

and Zachowski, 2010). It is one of the differences between chilling-sensitive and chilling-

tolerant plants, with the tolerant ones having a higher degree of membrane 

polyunsaturated fatty acids (Zheng et al., 2011).  

Such alterations in the physical state of the bilayer membrane make membranes 

less fluid under low temperature and as a result greatly influence the activities of protein 

components that can no longer function normally. Also, the depolarization of the 

membrane conduct to the ions channel opening provoking leakage and inhibition of the 

active transport. Consequently, the pH displacement, the compartmentations disorder 

and the enzymes activities change (Janmohammadi et al., 2015), destabilization of 

protein complexes, stabilization of RNA secondary structure, accumulation of reactive 

oxygen species, impairment of photosynthesis (Ruelland and Zachowski, 2010). 

 
1.6.2 Chill stress responses: role in transcriptomics, proteomics and 

lipids regulation 
The temperature influences the structure and activity of proteins, DNA, 

membranes, chromosomes and several other components of the cells through simple 

thermodynamic effects. Every molecule can sense the temperature, however, to be 

considered as sensor of perception, it must induce a signaling cascade leading to a 

response (Ruelland and Zachowski, 2010). 

Membranes are a primary site of perception and injury lead by chilling stress. The 

membrane rigidification activates the MAPK cascade (universal signal transduction as 

described in chapter 1.4 Stress and Response) to trigger responses (Theocharis et al., 

2012).  
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The lipid composition of the plasma membrane and chloroplast envelopes in 

acclimated plants is achieved by increasing the cold-adapted membranes’ unsaturated 

fatty acid content, which makes them more fluid. The stabilization of membrane fluidity 

ensure the optimal activity of associated enzymes (Theocharis et al., 2012).  

The photosynthetic process is maintained by several adjustments: the expansion 

of the amount and activity of Calvin–Benson cycle enzyme,  the rise of the levels of 

thylakoid plastoquinone A and the apparent size of the intersystem electron donor pool 

to PSI. As consequence, the NPQ increases and protect the photosystems from 

oxidative damage and photoinhibition (Schumann et al., 2017).  

The level of zeaxanthin also increases, as another way to protect PSII reaction 

centers from over-excitation, compensating for the reduced electron consumption by 

photosynthesis (Ruelland and Zachowski, 2010; Theocharis et al., 2012). The 

xanthophylls (notably, violaxanthin, antheraxanthin, and zeaxanthin) have structural 

roles and act as natural antioxidant (Theocharis et al., 2012). 

Both increase or decrease in temperature may cause protein denaturation. 

Besides affecting individual proteins and their activity, the dropping temperature also 

affects multimeric peptide structures. It induces depolymerization of both microtubules 

and microfilaments. Temperature changes induce disassembly of the cytoskeleton, a 

necessary cold response to activate heat activated MAP-kinase (HAMK) starting the 

MAPK cascades (Ruelland and Zachowski, 2010). 

To acclimate to low temperatures, higher amounts of photosynthetic enzymes are 

produced to compensate for the reduction on activity. This compensation happens with 

the enzymes involved in the photosynthetic carbon reduction cycle and sucrose 

synthesis, including Rubisco, SBPase, stromal FBPase, sucrose phosphate synthase 

and cytosolic FBPase (Liu et al., 2018). 

The chilling stress-induced rigidification of plasma membrane microdomains and 

cytoskeletal rearrangement are followed by the activation of Ca2+ channels and 

increased cytosolic Ca2+ level, which is a key signal for the cold acclimation process and 

other stress responses (Collin and Ruelland, 2012).  
Another signal that activated the MAPK cascades is ROS. The role of ROS in the 

signaling pathways have not yet been completely unraveled however ROS was reported 

to regulate the expression of chloroplast and nuclear genes, especially expression of 

antioxidant genes,  that repair chilling stress damage due to chilling stress (Liu et al., 

2018). 
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As the metabolic process is affected by chilling stress, also the disponibility of 

inorganic phosphate (Pi) and sugar are influenced. During photosynthesis, there is 

decrease in the release of Pi necessary for optimal carbon fixation. At low temperatures, 

all the metabolic reactions are slower, and Pi is not released properly. Phosphate 

depletion is a signal and some genes induced by low temperatures are also induced by 

depletion in phosphate (Zhao et al., 2009). 

Sugars play multiple roles in low temperature tolerance. Their accumulation in 

cold-acclimated plants suggests roles as osmoregulatory, cryoprotectants, scavengers 

of reactive oxygen and signaling molecules (Welling and Palva 2006).  Sugars might 

protect plant cell membranes during cold-induced dehydration, replacing water 

molecules in establishing hydrogen bonds with lipid molecules, thus they contribute to 

the preservation of water within plant cells and increase membrane stabilization 

(Ruelland et al. 2009). 

Understanding completely all the pathways which lead to the chilling stress 

response mechanism is an effort that requires investigation with all the omics fields. The 

genomics and transcriptomic may suggest genes and family genes as the cold-

responsive genes (COR) and transcriptional activators called C-repeat binding factors 

(called CBF or DREB). On the other hand, the proteomics approach holds the 

identification of proteins induced upon low-temperature treatment, as example 

lipoxygenases (LOXs), allene oxide synthase (AOS), allene oxide cyclase (AOC) and 

others (Liu et al., 2018; Mazur et al., 2018; Zdyb et al., 2018). 

 
1.6.3 Cold- responsive (COR) genes 

Until now, over 100 genes were identified as up-regulated by cold stress. Many 

cold-responsive genes (COR) are activated by transcriptional activators called C-repeat 

binding factors (CBF). The CBF proteins/transcription factors can bind to promoters 

containing C-repeat (CRT)/dehydration-responsive element binding (DREB) and 

regulating the transcription of downstream COR genes under low temperature (Hu et al., 

2019). 

As an example, CBF1/DREB1b is unique as it is specifically induced by cold stress 

and not by osmotic or salinity stress (Shinozaki and Yamaguchi-Shinozaki, 2000).  A lot 

of studies have been also focused on the Inducer of CBF Expression 1 (ICE1-CBF-COR) 

signaling pathway. The ICE1-CBF-COR pathway appears to be conserved among plant 

species. It includes the core components ICE1, CBF transcription factors, and diverse 

COR proteins, all inducible by cold stress (Hu et al., 2019). 
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The CBF/CRT can be considered as the major genetic regulator in the cold 

response of higher plants. The binding activity between CBF and  CRT/DREB is related 

to the temperature. For instance, in barley (Hordeum vulgare), the binding activity of 

CBF2 is temperature-dependent, it does not bind to the CRT/DREB motif at 30oC, 

instead, the binding activity gradually increases as the temperature decreases. The 

activation of HvCBF2 activity is reversible and achieved by temperature change, defining 

it as a cold-induced change in conformation (Xue, 2003). 

The Ca2+, released from internal cellular reserves, is upstream of the expression 

of CBFs and COR genes in the cold-signaling pathway.  The linkage between calcium 

signaling and cold induction of the CBF pathway, shows that calmodulin binding 

transcription activator (CAMTA) factors bind to a regulatory element in the CBF2 gene 

promoter, thus presenting CAMTA as another transcription factors that may act in the 

regulation of COR expression (Theocharis et al., 2012). 

 
1.6.4 Chill stress effects in beans (Phaseolus spp) 

To date, the bean is the most important grain legume for consumption, source of 

proteins, vitamins and minerals. Beans have a key role in nutrition and society. They are 

grown mainly in Latin America, Africa, and Asia and widely consumed in these areas as 

a basic food source. However, the production and yield are impacted by constant abiotic 

stress such as cold temperatures (Beebe et al., 2013; Konzen et al., 2019). 

Regarding the plant's membranes, the main compounds are polyunsaturated fatty 

acids: linoleic acid ((9Z,12Z)-9,12-octadecadienoic acid) and α-linolenic acid 

((9Z,12Z,15Z)-9,12,15-octadecatrienoic acid). Lipoxygenases (LOXs) are non-haem 

iron-containing dioxygenases that catalyze the oxygenation of linolenic acid (and its 

isoforms) in two possible products, the 9- and 13-hydroperoxy unsaturated fatty acids. 

This reaction is the first step in the synthesis of oxylipins, responsible for the formation of 

defense and signaling molecules such as jasmonic acid (JA). In fact, both the linolenic 

acid and α-linolenic acid are the main substrate for LOX, supporting the importance of 

membrane lipids as substrates for oxylipin biosynthesis and their role in the stress 

response (Porta and Rocha-Sosa, 2002). 

In chloroplasts, four LOX genes (PcLOXA, B, C, D) in chilling-sensitive runner bean 

(Phaseolus coccineus L. cv. Eureka) were identified. Mazur et al. identified PcLOXA 

protein as the one that increases its amounts during chill stress (in dark-chilled leaves) 

within grana margins of thylakoids (Mazur et al, 2018). PcLOXA was induced during dark-

chilling stress and its protein accumulated in leaves. Under standard conditions, PcLOXA 
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is weakly associated with the thylakoid membranes, whereas under chilling stress, this 

interaction is much stronger indicating a new role in low-temperature stress response 

(Mazur et al., 2018). Furthermore, this phenomenon is related to changes in lipids phase 

of thylakoids due to accumulation of free fatty acids under the stress conditions (Kaniuga, 

2008). 

Furthermore, Garstka et al. reported thylakoid rearrangements in Phaseolus 

coccineus (Runner bean) under dark-chilling stress. It was reported that the regular grana 

arrangement observed in thylakoids was disrupted, the structure and format of 

chloroplasts also suffered irregularities yet both conditions were partially restored after 

photoactivation. In the thylakoid membranes, no change in chlorophyll (Chl) content and 

Chl a/b ratio was observed. However, dark-chilling stress induced partial disassembly of 

CP complexes, is not completely restorable upon photoactivation. The ratio between 

fluorescence intensities of PSI and PSII increased 1.5-fold upon chilling, suggesting a 

reduction of the relative contribution of LHCII fluorescence to the thylakoid emission 

spectra at 120 K, and a rise of the fluorescence from LHCI and PSI, explained by 

attenuation of stability of LHCI–PSI and LHCII trimers. After photoinactivation, the 

restoration of PSII required more time than the mentioned reconstruction of the thylakoid 

membrane organization and chloroplast structure (Garstka et al., 2005). 

As DREB genes have been constantly associated with CBF genes and abiotic 

stress tolerance, Konzen et al. systematically categorized 54 putative PvDREB genes 

distributed in the Phaseolus vulgaris genome. PvDREB1F and PvDREB5A showed high 

relative inducibilities when genotypes of common bean were submitted to stresses by 

drought, salt, and cold. Whereas PvDREB6B was found as a cold- and dehydration-

responsive gene, mainly in leaves (Konzen et al., 2019). 

In contrast, Liu et al. examined P. vulgaris under chilling stress for 3 days and 

concluded that during this period the low temperature stress response in P. vulgaris may 

not depend on CBF pathway, while Ca2+, ROS and hormones appear to play an 

important role in the response of bean to low temperature stress (Liu et al., 2019).  

The hormone role in chilling stress response was also assessed for Phaseolus 

vulgaris L. seedlings by Soliman et al. Exogenous applications of acetylsalicylic acid 

(ASA) increased the total soluble sugars during 0–4 days of chilling stress and the gene 

expression level, ASA significantly upregulated the cold-responsive genes CBF3 and 

COR47 (Soliman et al., 2019). 

In this study, we evaluated the mentioned responses to chilling stress in three 

varieties of beans of different levels of resistance to chilling stress: Eureka (Phaseolus 
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Coccineus L.) Złota Saxa and Urania Zielona (Phaseolus Vulgaris L.). The expected 

delay in the growth when the plants are under chilling stress was explored through the 

stages of development and size of the leaves among the genotypes. The rearrangement 

of photosynthetic structures, as a response to chilling stress, was observed in the 

variations in the fluorescence emissions of thylakoids at 77 K. And finally, the proteomic 

profile investigated, in the 2D SDS PAGE gels, aiming to suggest proteins possibly 

related to this variant resistance to cold between the genotypes 

 

2. Aims 
Domesticated beans, as for instance Phaseolus vulgaris, are cultivated all over the 

world due to their high protein content, including in zones outside their natural settlement 

where the beans are exposed to abiotic stress as chilling stress and temperature 

fluctuations during the day/night cycles. Chilling stress occurs when the variation of 

temperatures ranges from 0°C to 15°C, resulting in: the reduction of photosynthetic yield, 

decrease of Calvin cycle enzymes activities and reduction of the fluidity of cell 

membranes. Plants developed a complex mechanism of responses to chilling stress to 

ensure their survival. Although research studies on cold tolerance mechanisms have 

made our understanding more increasingly at transcriptomic level clear so far, there are 

still many aspects to be unveiled concerning the proteome regulation under stress 

conditions. There is little known about crop-specific proteins that are intrinsically involved 

in the adaptation of plants to chilling stress, at what moment they are translated and how 

they are related to different genotypes and level of tolerance.  

The main goal of this study is to investigate the difference in the level of tolerance 

to low temperature in three beans: Phaseolus coccineus (=runner bean, Eureka) and two 

different varieties of Phaseolus vulgaris (=common bean, Zlota saxa and Urania zielona). 

The investigation proceeded in two major steps. First, the identification and 

characterization of phenotypes under standard temperature and under chilling stress 

were studied Second, the differences at the proteome level, including the setup of a 

separation method of IEF of proteins from thylakoid fractions for analyses. 

The phenotype studies show the impact of chilling stress on plants growth and 

development and possible time points when the differences are triggered more strikingly. 

The protein profile assessment through 1D and 2D SDS PAGE reveals proteins that 

could explain this variant resistance to cold between the genotypes. The rearrangement 

on the organization of the thylakoid membranes, specifically the photosystems I and II 
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unveil the strategies of interactions between protein complexes in order to develop 

adaptation strategies to face the chilling stress conditions, thus influencing the efficiency 

of photosynthesis. Moreover, these results may contribute to the new insights on 

acclimation response mechanisms to chill stress at protein level existing not only in 

beans but that may also be adopted by other plant species. 

 

3. Materials and Methods 
 
3.1 Plant material and growth conditions 

The seeds of three beans varieties were used in this study and obtained from 

PlantiCo Zielonki Sp. Z.o.o., Babice Stare, Poland. The genotypes were: 

• Phaseolus coccineus L., cultivar variety Eureka or Runner Bean 

• Phaseolus vulgaris L., cultivar variety Złota Saxa 

• Phaseolus vulgaris L., cultivar variety Urania Zielona 

Prior to germination, the beans seeds were first sterilized with bleach solution [5%] 

for 30 minutes and treated with fungicide (Agrecol). Then, they were placed into the glass 

Petri dishes previously filled with paper towel soaked in Milli-Q water. The germination 

process of the beans seeds take place in darkness. For this reason, the closed glass 

plates were wrapped with aluminium paper ensuring protection from light and kept in a 

dark room for 5 days at room temperature. 

On the fifth day, the germinated seeds were transferred into the 3-liter perlite-

containing perlite that was previously humidified with Knop's nutrient solution (containing 

macroelements: 3 mM Ca(NO3)2, 1.5 mM KNO3, 1.2 mM MgSO4, 1.1 mM KH2PO4, 0.1 

mM C10H12N2O8FeNa and microelements 5 μM CuSO4, 2 μM MnSO4 . 5 H2O, 2 μM 

ZnSO4  . 7 H2O, 15 nM . 4 H2O) for at least 15 minutes. Such pots containing the seeds 

were allocated in a climate controlled room with relative humidity of 60–70%, 

photosynthetic active radiation of 200 μmol photons m-2s-1 during 16 hours of 
photoperiod.  Plants were regularly watered with Knop's nutrient solution. 

Regarding the temperature, there were two different chambers used for plant 

cultivation, separately: 1) control chamber with constant temperature of 21°C, often used 

as a standard temperature for bean growth; 2) stress chamber where plants were 

submitted to night-chilling stress with the temperature changing gradually, as in natural 

conditions. In the night-chilling stress chamber, after 16 hours of daylight at 20°C the 
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temperature drops 5°C per hour until it reaches 4°C and remains stable for 5 hours until 

the beginning of the day period, when the temperature increases 5°C per each hour 

(starting from 4°C until it is back to 20°C). Both conditions are represented bellow, in 

Figure 5.  

 

 
 
Figure 5 – Temperature and light conditions for the standard and the chilling stress conditions. 
After 5 days in darkness, the seeds of the three genotypes of beans (Eureka, Złota Saxa, Urania Zielona) were transferred 

to pots and placed either under standard temperature conditions (constant 21°C) or under chilling stress conditions 

(varying from 4-20°C). Light/dark cycles remained the same for both conditions (8h of darkness and 16h of light). 

 
 
3.2 Studies of chilling stress effect on bean phenotype and 

development 
 

The developmental stages of the three beans varieties grown under standard 

temperature and chilling stress conditions were monitored by observation and 

photographic documentation of the following events: the appearance of the first pair of 

leaves, inflorescence buds, flowering, fruit formation and mature seeds. 

During the vegetative plant development, for the period of three weeks, photos 

were taken every day after night period of each genotype for two distinct growth 

conditions. Afterwards, photos were taken once a week for a period of following three 
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months, on the same day of the week, as used previously for the vegetative growth 

monitoring. 

Such photographic documentation helped in the correlation of growth time 

necessary to obtain specific developmental events occurring in each genotype, grown 

under different temperature regimes.   

On one hand, the same age of plants was used for comparison of plants grown 

under standard and chilling stress conditions. Different time points were determined 

when all three genotypes, undergo following events of vegetative growth of the first pair 

of leaves: appearance, the opening and the full expansion. In parallel, for comparison of 

growth time length, the same time points were applied to plants grown under low 

temperatures for further studies.  

On the other hand, the same stage of plant development was used for comparison 

of plants between standard versus chilling stress conditions. Since stressed plants need 

longer time growth in order to reach the same developmental stage as plants grown 

under controlled conditions, comparison between plants from different growth conditions 

was based on similar size of leaves. For that reason, the area of leaves from beans, 

grown under two growth chambers, was calculated. Three to five first pair of leaf samples 

from each genotype, and from randomized pots from two distinct temperature growth 

conditions, were detached and photographed on a 1x1 cm grid model. The area of each 

leaf was calculated using a Photoshop (Figure 6).  

The leaves of each genotype that shared the same or similar leaf area between 

standard and chilling stress growth conditions were used for further comparisons. All 

determined time points of plant age and developmental stage for each bean genotype 

and different growth conditions were used for leaves harvest for further protein and 

chlorophyll fluorescence analysis. 

The photos were also used to assess, beyond the first pair of leaves, the 

appearance of remarkable reproductive developmental stages of the beans: flower buds, 

flower and fruit formation.  We investigate if all the genotypes could reach all the 

reproductive developmental stages. Moreover,  we compared how many days were 

necessary for each genotype under standard or chilling stress conditions to display the 

mentioned stages. 
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Figure 6 – Photos to measure the area of the leaves. 
First pair of leaves was collected in the same timepoints previous selected for isolations and placed in the grid for photo, 

later the area was estimated using Photoshop. 

 
 
3.3 Chloroplast isolation and fractionation 

In order to keep chloroplast intact, all the steps were performed in the darkness or 

using a green light, and at 4°C to prevent proteolysis and pigments degradation. The first 

pair of leaves of each plant, if no visible injuries, was harvested in the end the night 

period (right before the light switches on) by hands.  

First, chloroplasts were isolated from plant cells and separated from other 

organelles by centrifugation. Afterwards, they were fractionated in order to obtain 

thylakoid and stroma fractions trough the steps described in more details below and 

resumed in Figure 7. 

The time points selected for chloroplasts isolation and subsequent fractionation 

were:  

• after 5, 6, 8 and 10 days of plant growth for Eureka under standard temperature 

conditions 

• after 6, 8 and 10 days of plant growth for Złota Saxa and Urania Zielona under 

standard temperature conditions 

• after 6, 8, 10, 12, 14, 15, 17 and 19  of plant growth for Eureka under chilling 

stress conditions 
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• after 6, 8, 10, 15, 17 and 19 days of plant growth for Złota Saxa and Urania 

Zielona under chilling stress conditions. 

 
3.3.1 Chloroplast isolation 

The modified protocol established by Hall et al. (Hall et al. 2011) for preparation of 

stroma and thylakoid membrane fractions from Arabidopsis thaliana for proteomic 

analysis was applied as described below. 

The petiole and beginning of central nervure of the first pair of leaves were 

removed and all the plant mass material was weighed. For each 20-30g of leaf material, 

170 mL of iced cold chloroplast extraction buffer – C1[20 mM Tricine-NaOH buffer (pH 

7.5) containing 330 mM sorbitol, 15 mM NaCl, 4 mM MgCl2 and  40 mM ascorbic acid] 

was added.  As a protease inhibitor, phenylmethylsulfonyl fluoride (PMSF, Sigma) was 

added to a final concentration of [1mM].  

Leaves were homogenized in C1 buffer containing PMSF by 4 times grinding in 

ice-cold blender with sharp blades (Warring HGB2WTS3), for 1 second at maximum. 

The resulting homogenate was filtered through 4 layers of miracloth into the glass beaker 

in order to get rid of ungrinded plant material. The filtered homgeous suspension 

containing plant organelles was centrifugated at 4°C at 3000 rpm (1000 g) speed for 5 

minutes in the Beckman centrifuge using a rotor  JA-20. The supernatant was discarded, 

and the pellet was very gently resuspended, using a brush in cold chloroplast washing 

buffer - B5 [330 mM sorbitol, 15 mM NaCl, 4 mM MgCl2, 20 mM Hepes, pH 7]. This last 

wash step, including centrifugation and resuspension with B5 buffer, was repeated. 

 

3.3.2 Determination of chlorophyll concentration 
Before proceeding with chloroplasts fractionation, the concentration of 

chlorophyll was estimated. Volumetric flasks containing 25 µl of chloroplasts 

sample and acetone [80%] solution filled up to 10 ml, were vigorously shaken for 

20 seconds, then the acetone chlorophyll extracts were filtered through a paper 

filter in order to separate undissolved protein-lipid complexes in acetone from 

pigments easily soluble in acetone solution. 1 ml of filtered acetone containing 

pigments was transferred into the cuvettes and the absorbance was read at 652 

nm wavelength, using a Cary 50 Bio spectrophotometer. The absorbance read 

was duplicated for chloroplasts isolated from each genotype.  
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To determine the final chlorophyll concentration, the resulting average 

absorbance was used in the equation:  

Chlorophyll  [mg/ml] = (Absorbance x 27.8): 1000 x dilution factor (in this 

case: 400) 

The volume of chloroplasts corresponding to 100 µg of chlorophyll was 

aliquoted into the 1,5 ml autoclaved Eppendorf tubes, protease inhibitor cocktail 

(Sigma) was added, and the samples were stored at -20°C or -80°C for longer 

periods. The rest of chloroplast material was used for fractionation into the 

thylakoid and stroma fractions. 
  

3.3.3 Chloroplast fractionation 
The rupture of chloroplasts was promoted by osmotic shock on ice. After 

determination of the chlorophyll concentration, the osmotic shock buffer -C3  [15 mM 

NaCl, 4 mM MgCl2, 20 mM Tricine and pH 7.5], was added to the samples. The amount 

of C3 buffer was adjusted to a final chlorophyll concentration of 0.2 [mg/ml]. After 5 

minutes on ice, the samples were homogenized 4 times in a 20 ml glass Potter-

Evlenhjem and centrifugated at 4°C, 15000 rpm speed for 15 minutes (Beckman 

centrifuge and rotor  JA-18). From this step, the supernatant followed the steps for 

stroma isolation and the pellet for thylakoids isolation. 

 

3.3.4 Thylakoid isolation 
The pellet resulting from chloroplasts fractionation was resuspended in B5 buffer 

followed by  homogenization for 4 times in a 20 ml glass Potter-Evlenhjem  and 

centrifuged at 4°C, 15000 rpm for 15 minutes (Beckman centrifuge and rotor  JA-18), 

and the supernatant was discarded. The last steps of resuspension, centrifugation and 

discard of the supernatant were repeated twice. In the end, thylakoids (pellet) were 

resuspended in 1ml of B5 buffer (wash buffer) and considered isolated. The chlorophyll 

concentration was determined as described before. 

 

3.3.5 Stroma isolation 
The supernatant resulting from chloroplast fractionation was one more time 

centrifugated at 4°C, 15000 rpm for 15 minutes (Beckman centrifuge and rotor  JA-18). 

The material was carefully transferred into chilled ultracentrifuge tubes avoiding any 
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pellet representing thylakoids. The centrifugal tubes containing stroma were balanced 

for ultracentrifugation. After ultracentrifugation was done at 4°C, 30.000 rpm speed for 

65 minutes (ultracentrifuge Beckman L7-35 and rotor 35) the resulting supernatant was 

carefully collected. Subsequently, the supernatant was concentrated via several 

centrifugation steps at 4000xg for 20 minutes at 4°C (centrifuge VWR Mega Star 600R 

and rotor Thermo Fisher 75005715) using filtration tubes SARTORIUS IVSS Vivaspin 20 

centrifugal concentrators. The final volume of stroma fraction was concentrated in 

volume of maximum 3 ml out of 80 ml of stroma fraction directly after ultracentrifugation.   

 

3.3.6 Storage of the samples 
Protease Inhibitor Cocktail (Sigma) was added in the amounts corresponding to 

manufacturer’s instructions to each chloroplast, thylakoid and stroma samples. As an 

inert gas, argon gas was added for a few seconds to chloroplasts and thylakoids samples 

to provide an oxygen-free setting protecting them from pigment degradation. At least 3 

samples of each fraction, per genotype, was frozen.at -20°C for short-term storage (up 

to few months) and at -80°C for longer time periods (several months or even years). 

 

 
 

Figure 7 – Major steps of chloroplasts isolation and their further fractionation 
Scheme summarizing major steps of chloroplasts isolation from the harvest of the first pair of leaves until obtaining 

fractions of stroma and thylakoids. 
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3.4 Protein concentration quantification 
The total protein concentration was determined using Bicinchoninic Acid (BCA) 

(He, 2011). The Bovine Albumin Serum (BSA, Sigma) fatty acid free was used as a 

standard. First, volume of 5 µl of each protein sample was prepared in 1,5 ml Eppendorf 

tubes for further quantifications. Different final protein concentrations of BSA of 5, 10 and 

20 [µg/ml] were prepared from the stock solution [10mg/ml] in a volume of 5 µl and used 

for further preparations. The samples of chloroplast and thylakoids were diluted with 

autoclaved water 10 times and stroma 5 times  Secondly, Bicinchoninic acid (BCA, 

Sigma) and autoclaved CuSO4 [4%] solution were mixed together in a proportion of [49:1] 

(BCA:CuSO4[ 4%]. Then, 1 mL of mixture composed of BCA: CuSO4 [4%] at [49:1] was 

added to 5 µl protein sample and vortexed. Samples were incubated for 5 minutes at 

55°C and the absorbance was read at 562 nm. All sample preparations were duplicated, 

and the average absorbance reads were used for quantifications. 

The absorbance value for BSA concentrations was used to create a calibration line 

and the equation relating absorbance with BSA protein concentration was used to 

determine the concentration of proteins in chloroplast, thylakoid and stroma fractions, 

considering the dilutions previously performed.  

 

3.5 One-dimensional SDS-Polyacrylamide Gel Electrophoresis 

(1D SDS PAGE) 
 
3.5.1 Preparation of the gels 

The 1D SDS PAGE gels, including the separation and the stacking gels, were 

prepared using 1mm glass plates and comb for 10 wells. The ingredients and amounts 

that were used, were calculated using a free on-line available calculator: 

https://www.cytographica.com/lab/acryl2.html (accessed between September/2019 and 

December/2019) for a preparation of an acrylamide percentage of 12% for separating 

gel and 6% for stacking gel are described in the Table 1 and Table 2 below:  
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Table 1 – List of ingredients and respective amounts to prepare 1 or 4 separating gels [12%] 

 

 

Table 2 – List of ingredients and respective amounts to prepare 1 or 4 stacking gels [6%] 
 

Tetramethylethylenediamine (TEMED) was added just before the laying of the gels 

between the glass plates.  

First, separating gel was poured between the glass plates fixed vertically on the 

support up to the limit where the comb can be placed, and some space was still saved 

between the comb and the separating gel. As soon as the separating gel was poured 

between the glasses,  it was immediately covered with 1-BuOH saturated in MiliQ water. 

Once the separating gel was polymerized, the layer with 1-BuOH was poured into the 

sink and the rests of remaining alcohol was dried out using Whatman paper without 

touching the separating gel. 

The stacking gel preparation was finished by the addition of TEMED as a last 

ingredient into the tube containing all other components destined for stacking gel 

preparation, after mixing all, the gel was poured slowly and carefully between the 1mm 

Separating Gel [12%] 
Ingredient For 1 Gel For 4 Gels 
Autoclaved water 3,172 mL 12,688 mL 

Acrylamide:Bisacrylamide [37,5:1] 3,2 mL 12,8 mL 

2M Tris pH 8.8 (final: 375 mM) 1,5 mL 6 mL 

20% SDS [final: 0,01] 40 µL 160 µL 

10% APS [final: 0,01] 80 µL 320 µL 

TEMED (final: 1%)  8 µL 32 µL 

Total Volume 8 mL 32 mL 

Stacking Gel [6%] 
Ingredient For 1 Gel For 4 Gels 
Autoclaved water 3,6 mL 14,430 mL 

Acrylamide:Bisacrylamide [37,5:1] 1 mL 4 mL 

2M Tris pH 6.8, (final: 125 mM) 312,5 µL 1,25 mL 

20% SDS [final: 0,01] 25 µL 100 µL 

10% APS [final: 0,01] 50 µL 200 µL 

TEMED (final: 1%)  5 µL 20 µL 

Total Volume 5 mL 20 mL 
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glass plates on top of the polymerized separating gel and the comb with 10 wells was 

immediately placed. After the stacking gel was polymerized, the 1D SDS PAGE gel was 

ready to be used. 

 

3.5.2 Preparation of the samples 
According to protein concentration measured by BCA method, the amount of 300 

µg of proteins was prepared together with lysis [SDS (filtered 0,2 µm) [2%], Tris pH 7,7 

[0,1M] and protease inhibitor (x1), Sigma) and loading buffer (SDS [10%], sucrose [40%], 

EDTA [1mM], Tris-HCl pH 6,8 [5mM], β-mercaptoethanol  [20%] and a pincle of 

bromophenol blue for staining) in a volume of 200 µl.  

All samples of chloroplast, thylakoid and stroma fractions from all three studied 

bean genotypes (Eureka, Złota Saxa and Urania Zielona) obtained through isolation at 

specific time points of plant growth were prepared in this manner for 1D SDS PAGE and 

frozen at -20°C.  

Samples were denatured at 95°C for 5 minutes and 20 µl of each sample (the 

volume corresponding to 30 µg of proteins) was loaded on a well in the following order: 

3 samples of chloroplasts (Eureka, Złota Saxa and Urania Zielona), 3 samples of 

thylakoids (one for each genotype), 3 samples of stroma (one for each genotype. The 

last sample was the pre-stained molecular weight Marker (Sigma-Aldrich) (Figure 8A). 

 

3.5.3 Electrophoresis  
The SDS gels were placed inside the tank which was fulfilled with Running Buffer 

containing Tris [0,25M], Glycin [1,9M] and SDS [1%].  

The electrophoresis was run at 400v, 15 mA per gel for approximately 90 minutes 

(Figure 8B) and stopped when the blue staining was visible almost at the bottom edge 

of the gel.  After the 1D SDS PAGE, the gels were either immersed in Coomassie Blue 

Ready to Use (Thermofisher) for staining (section 3.8.3) and scanned or were used 

directly for immunoblotting assays.  
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Figure 8 – Electrophoresis run for 1D SDS PAGE (adapted from Bio-Rad bulletin 6040) 
A – The loading of the samples (the volume corresponding to 30 µg of proteins) in the gel for the further separation by 

molecular weigh  

B –Electrophoresis run  with the tank fulfilled with Running Buffer after the samples were loaded in the gel. 

 

3.6 Immunoblotting 
For immunoblotting assays, the transfer of proteins from the acrylamide gels was 

performed using wet transfer method (Figure 9, Bio-Rad). The Polyvinylidene difluoride 

(PVDF) (Immun-BlotTM, Bio-Rad) membranes were were activated with methanol just 

before the “sandwich” assembly. 

The “sandwich” assembly (Figure 9A) included all the following itens immersed in 

the transfer buffer (Tris [0,25M], Glycin [1,9M] and SDS [1%], 25% of methanol (v/v)): 

foam pad (Bio-Rad kit), 2 layers of whatman paper, the activated PVDF membrane, the 

1D SDS PAGE gel, 2 layers of whatman paper and the last foam pad (Bio-Rad kit). 

The transfer was run at 100V (400mA) for 65 minutes immersed in transfer buffer, 

with a frozen cooling unit inside. All placed on the magnetic stirrer (Figure 9B). 
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Figure 9 - Immunoblotting assays via wet transfer method (adapted from Bio-Rad bulletin 2895) 
A -  “sandwich” assembly containing foam pad (Bio-Rad kit), 2 layers of whatman paper, the activated PVDF membrane, 

the 1D SDS PAGE gel, 2 layers of whatman paper and the last foam pad (Bio-Rad kit). 

B - wet transfer method: “sandwich” immersed in transfer buffer with a frozen cooling unit inside. All placed on the magnetic 

stirrer 

 

The efficiency of the transfer was verified by immersion of PVDF membrane in 

Amido-Black staining solution revealing proteins transferred from the gel into membrane. 

If the transfer occurred equally all over the membrane surface, the membrane was 

directly blocked for 1 hour with 5% milk protein in 1x TBS (composition)+ Tween-20 

[0,1%] (v/v) at room temperature under agitation at 30 rpm.  

The primary antibodies used against ribulose bisphosphate 

carboxylase/oxygenase (Rubisco) were diluted [1:5000] and  CP43 [1:3000] ] in 0,5% 

milk protein 1xTBS +Tween-20 [0,1%] (v/v). 

The incubation with the primary antibodies was performed overnight at 4°C or for 

1 hour at room temperature under agitation at 30 rpm on a shaker. In order to get rid of 

the excess of unbound primary antibody, the membranes were subsequently washed 3 

times for 10 minutes with 1x TBS+ Tween-20 [0,1%] under vigorous agitation. Incubation 
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with the secondary antibody HRP-anti-rabbit diluted [1:10 000] antibody diluted in 5% 

milk protein in 1x TBS+ Tween-20 [0,1%]applied afterwards was applied for 1 hour at 

room temperature and under slow agitation at 30 rpm.  
The ECL method  (Mruk et al., 2011) was used to detect the antibodies bound to 

corresponding proteins localized on the membranes. The membranes, protected from 

light, were incubated with 10 mL of ECL buffer (adapted from Mruk et al., 2011) for 5 

minutes under slow agitation at 30 rpm. The ECL buffer was prepared right before the 

use by mixing the two reagents: one containing Tris-HCl [0,1M] pH 8,5, p-coumaric acid 

[90 mM] in DMSO, H2O2 0,05% (v/v) and the second containing Tris-HCl [0,1M] pH 8,5,  

luminol [250mM] in DMSO.  

The images of the membranes were obtained by Bio-Rad UV transilluminator 

ChemiDoc™MP and the software Image Lab.  

 
 

3.7 Low temperature (77 K) fluorescence measurements  
The thylakoids samples (for 06, 08 and 10 days old leaves of the three genotypes 

Eureka, Złota Saxa and Urania Zielona) frozen at -80°C were used for this experiment. 

They were diluted, at 25°C, in buffer (B7) containing  660 mM sorbitol, 30 mM NaCl, 8 

mM MgCl2, 40 mM Hepes, pH 7.5 adjusted with NaOH, for the final chlorophyll 

concentration of 10µg/mL. The volume of 130 µL was placed in the proper cuvette  and 

submerged in liquid nitrogen for minimum of 8 minutes. The equipment used was the 

spectrophotometer Shimadzu RF-5301 PC. Excitation wavelength was set at 412 or 470 

nm, excitation and emission slits at 5 nm and scans were taken in the range of 600 to 

800 nm (Mazur et al., 2020). 

 

 
3.8 Two-dimensional SDS-Polyacrylamide Gel Electrophoresis 

(2D SDS PAGE) 
 

3.8.1 Isoelectric focusing (IEF) 
A first dimension isoelectric focusing (IEF) separation (Figure10) was carried out 

on 7 cm ReadyStrip IPG Strips BioRad pH 3–10. Samples of isolated stroma and 

thylakoid fractions of Eureka at 8 days of growth under standard temperature and chilling 

stress conditions were used for analysis. Each strip received the respective volume 
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corresponding to 340 µg of proteins, supplemented with a trace of bromophenol blue and 

the final volume was complete up to 125 µl with rehydration buffer BioRad for 12 hours. 

After this time, the samples were denatured at 60°C for 15 minutes, placed at room 

temperature for 15 minutes. Strips were loaded in a PROTEAN IEF Cell (Bio-Rad) 

covered with 2,5 mL of mineral oil per strip and focused at 20°C, for a total of 14.000 Vh. 

After IEF the mineral oil was discarded and the strips were washed in MiliQ water 3 

following flasks, 3 times in each one. Each strip was equilibrated for 30 minutes with 2,5 

mL of equilibration solution I BioRad (6 M urea, 0.375 M Tris, pH 8.8, 2% (w/v) SDS, 

20% (v/v) glycerol, 2% (w/v) DTT) in the shaker at 30 rpm at room temperature. After 

this, the equilibration solution I was discarded. It was added 2,5 mL of equilibration 

solution II BioRad (6 M urea, 0.375 M Tris, pH 8.8, 2% (w/v) SDS, 20% (v/v) glycerol) for 

each strip and placed in the shaker at 30 rpm at room temperature. The equilibration 

solution II was discarded before the strips were used in the electrophoresis run in the 2D 

SDS PAGE. 

Figure 10 – IEF separation of proteins according to their isoelectric point (adapted from Bio-Rad bulletin 2651). 

 

 

3.8.2    2D SDS PAGE electrophoresis 
For the second dimension polyacrylamide gel electrophoresis 

(SDS PAGE), IPG strips were placed onto 12% SDS-polyacrylamide gels (prepare as 

describe before in the section 3.5.1 Preparation of the gels). The gels 1D SDS PAGE 

12% was placed inside the tank which was fulfilled with Running Buffer (x10) including 

Tris [0,25M], Glycine [1,9M] and SDS [1%]. The electrophoresis ran at 400v, 15 mA per 

gel during approximately 1h30 minutes, the time of running varied until it the blue staining 

was visible almost in the end of the gel. A total of eight 2D gels were analysed, two 
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repetitions of each two-dimensional gels were made from independent stroma and 

thylakoid preparations. For each genotype and temperature two samples were separated 

by 2D and the proteins detected using both Coomassie Blue and silver staining (Table 

3). 

 

Gel  Sample Staining 
1 8 days old Eureka - standard temperature - stroma  Coomassie Blue 

2 8 days old Eureka - standard temperature - stroma  Silver 

3 8 days old Eureka – chilling stress - stroma  Coomassie Blue 

4 8 days old Eureka – chilling stress - stroma Silver 

5 8 days old Eureka - standard temperature - thylakoid Coomassie Blue 

6 8 days old Eureka - standard temperature - thylakoid  Silver 

7 8 days old Eureka – chilling stress - thylakoid Coomassie Blue 

8 8 days old Eureka – chilling stress - thylakoid Silver 
 

Table 3 – Protein samples combination used for setting up the method of 2D SDS PAGE separation of thylakoid 
proteins 

 

 
Figure 11 – 2D SDS PAGE electrophoresis (adapted from Bio-Rad bulletin 2651). 
Summary of the  2D SDS PAGE electrophoresis. First dimension separating the protein according to their isoelectric point 

and second dimension separating the proteins according to their molecular weight. 
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3.8.3 Coomassie Blue staining 
The gels once immersed in Coomassie Blue Ready to Use (Thermofisher) solution, 

were slowly agitated for at least overnight at room temperature. After staining time, the 

excess of remaining staining  solution was discarded from the gel through subsequent 

washes in MiliQ water 4 times for 30 minutes  under agitation at 30 rpm at room 

temperature. After visible distinct bands of stained proteins, the gels were photographed 

by scanning.  

 

3.8.4 Silver staining 
The fixation was performed by placing the gels in 5% HAc/50% MeOH, overnight 

at room temperature. Next day, the gels were washed 15 minutes in 50% MeOH, 

followed by 15 minutes in distilled water. The sensitization was done by incubation of the 

gels with 0,02% sodiumthiosulphate for 3 minutes, washed for 2 minutes in distilled water 

and repeating the wash for 1 minute. Then the gels were stained with 0,15% silver nitrate 

for 45 minutes and washed for 2 minutes with distilled water. Development was done 

quickly in 0,04% formalin in 2% sodium carbonate until the desired intensity was 

achieved and the gels were then moved to 5% HAc for 20 minutes. Finally, the gels were 

disposed in 1%HAc/10% MeOH and finally scanned. 

 

4. Results and discussion 
 

4.1 Phenotypic differences under standard and stress conditions 
 
4.1.1 Phenotypical differences between the three beans genotypes 

In order to verify the effect of chill stress on growth and development of bean, three 

bean genotypes (Phaseolus coccineus L., variety Eureka, Phaseolus vulgaris L., 

varieties Złota Saxa and Urania Zielona), with different resistance to cold, were exposed 

to different temperature treatments. After germination for 5 days in darkness, seedlings 

were grown for 10 days under light/dark cycles under chilling stress conditions based on 

temperature fluctuations (ranging from 5°C to 20°C), mimicking naturally existing drop of 

temperatures during night, and under standard temperature (21°C). Development of 

plants was monitored and registered on photos taken everyday. Figure 12 shows the 
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striking delay of plants development of all plants grown under chilling stress conditions 

compared to standard temperature. Moreover, there are some phenotypical differences 

in leaves size between three genotypes, that are specific to genotypes, regardless the 

temperature of plants growth. 

 Under both, chilling stress and standard temperature conditions, the Phaseolus 

coccineus L., cultivar variety Eureka or Runner Bean, exhibits visibly bigger leaves when 

compared with two other varieties (Złota Saxa and Urania Zielona) of Phaseolus Vulgaris 

L. During the first days of plant development, when the first pair of leaves appear, the 

size of the leaves remains the same between studied genotypes within growth chamber 

conditions. However, since the first pair of leaves start to expand, it is noticeable that 

Eureka always exhibits bigger leaves in comparison to other genotypes for the same day 

of growth and within studied conditions. 

Figure 12 – Comparison of the growth of the three bean genotypes under standard temperature conditions. 
Photos of the pots of the three bean genotypes Eureka (Phaseolus Coccineus L.), Złota Saxa and Urania Zielona (both 

Phaseolus Vulgaris L.)  after 5 days of germination in the darkness and 10 days of growth exposed to light/darkness 

cycles under standard temperature conditions (21°C). 
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The difference between the genotypes in the size of the expanded leaves is 

visible also when the plantlets are grown under chilling stress. Figure 13 shows the three 

genotypes growing under chilling stress conditions Eureka (Phaseolus Coccineus L.)  

remains exhibiting bigger leaves than Złota Saxa and Urania Zielona for the same days 

of growth. 

 

Figure 13 – Comparison of the growth of the three bean genotypes under chilling stress conditions. 
Photos of the pots for the three genotypes Eureka (Phaseolus Coccineus L.), Złota Saxa and Urania Zielona (both 

Phaseolus Vulgaris L.)  after 5 days of germination in the darkness and 10 days of growth exposed to light/darkness 

cycles under chilling stress conditions. 

 

Other distinctive characteristic between the three phenotypes is the format of the 

first leaves.  Figure 14 shows the first leaf of each genotype under standard temperature 

conditions after 06 days upon light/darkness cycles. The genotypes Złota Saxa and 

Urania Zielona (both Phaseolus vulgaris L.)  have a heart-shaped format of the leaves, 

different from Eureka (Phaseolus coccineus L.). 
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Figure 14 – Comparison of leaf shape of the three genotypes Eureka (Phaseolus coccineus L.), Złota Saxa and 
Urania Zielona (both Phaseolus vulgaris L.) 
Leaf of each one of the three genotypes of bean: Eureka (Phaseolus coccineus L.), Złota Saxa and Urania Zielona (both 

Phaseolus vulgaris L.)  after 6 days of growth submitted to light/darkness cycles under standard conditions (21°C). 

 
 
4.1.2 Delay in the growth of the beans under chilling stress condition 

Comparing the growth of the beans under standard temperature and chilling stress 

conditions, all the three genotypes (Eureka, Złota Saxa and Urania Zielona) display 

smaller leaves when under stress conditions (Figure 15). The size of the leaves is 

affected by the drop of the temperature in all the genotypes showing the delay in the 

growth when the beans are under chilling stress conditions. 
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Figure 15 – Comparison of the early growth of three bean genotypes under standard temperature and chilling 
stress conditions. 
Three bean genotypes: Phaseolus coccineus (Eureka) and two types of Phaseolus vulgaris (Złota Saxa and Urania 

Zielona) were germinated for 5 days in darkness and then exposed to light/darkness cycles. The photos represent the 

first 10 days of the beans growing upon illumination. 

 

The assessment of the first 10 days of growth was also used to select the time 

points for plant material collection to be used for further analysis in this study.  

The days of the growth selected for the harvesting of the first pair of leaves were:  

- Day 6: all the genotypes under all the conditions show the appearance of the 

first pair of leaves.  

- Day 8: all the genotypes under all the conditions show the first pair of leaves 

open. 

- Day 10: all the genotypes under all the conditions show the first pair of leaves 

fully expanded. 
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Following the growth of beans beyond 10 days, we observed the happening of 

the main events in the beans' life cycle. After the first pair of leaves appearance, the 

inflorescence buds, flowering, fruit formation and the mature seeds appearance was 

recorded.  Figure 16 presents the necessary days to achieve each one of the stages by 

the three genotypes under standard or chilling stress temperature condition. As it can be 

observed, the delay in the growth when under chilling conditions continues during the 

beans life cycle. 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 16 – Comparison of life cycle duration of beans Phaseolus coccineus L. and Phaseolus vulgaris L. under 
standard and chilling stress temperature conditions.  
The graphic displays the number of days necessary to achieve the different stages of the bean’s life cycle exposed to 

light/darkness cycles under standard and chilling conditions. The photos of Złota Saxa under standard temperature have 

the purpose to illustrate each stage of bean development. 

 

The first pair of leaves appeared at the same time in all the genotypes under the 

same conditions: 4 days when the beans are under standard temperature and 8 days 

under chilling stress conditions. When facing the stress, all the bean genotypes needed 

4 more days for this event.  

Eureka is the faster growing bean genotype. In addition to the bigger size of 

leaves, it also showed the inflorescence buds and flowering appearance before the other 

two genotypes (Złota Saxa and Urania Zielona) when under standard conditions. 

However, the inflorescence buds and flowering took almost twice the days to appear 

under chilling stress conditions in this genotype. Złota Saxa had also a significant delay 

under chilling stress conditions in inflorescence bud and flowering appearance. 

However, Urania Zielona didn't demonstrate delay inflorescence buds and flowering 
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formation comparing the standard temperature and chilling stress conditions. Eureka is 

suggested as the genotype which suffers more relative delay under chilling stress 

conditions for those stages. 

All the three beans genotypes developed until the flowering stage. As Eureka has 

no self-pollination it couldn't develop the pod and seeds. At these stages, both Złota 

Saxa and Urania Zielona demonstrated delay in fruit and seeds formation when the 

beans were growing under chilling stress conditions. 

All the three bean genotypes (Eureka, Złota Saxa and Urania Zielona) were 

affected by low temperature yet are able to survive and keep the development under 

chilling stress conditions. Nonetheless, the growth is not equal  among the genotypes 

and the delay under chilling stress conditions also differs. 

 

 
4.1.3 Resembling phenotypes between standard temperature and 

chilling stress conditions 
In order to better understand the variations in the growth of the leaves (which is 

the plant material collected and used for further experiments) we compare the three 

genotypes from both conditions (standard temperature and chilling stress) at the 

previously chosen timepoints of 6, 8 and 10 days of growth. The leaves under standard 

temperature conditions were always bigger than the leaves under chilling stress 

conditions, Eureka being the biggest within all (Figure 17). 

 

 

 

 

 

 

 

 
Figure 17 - Comparison between genotypes (Eureka, Złota Saxa and Urania Zielona) at the same day of growth 
under standard temperature or chilling stress conditions. 
Three genotypes of bean: Phaseolus coccineus (Eureka) and two types of Phaseolus vulgaris (Złota Saxa and Urania 

Zielona) were germinated for 5 days in darkness and then exposed to light/darkness cycles. The photos represent the 

growth after 6 days (A), 8 days (B) and 10 days (C) upon illumination under standard temperature or chilling stress 

conditions. 

 

A B C 
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The comparison of the beans in different temperature conditions at the same 

days of growth exhibits a drastic phenotypic difference. Figure 18 shows a photo as 

example of one leaf of each genotype and the comparison of the average area for 5 

leaves at the time points of 6, 8 and 10 days under standard temperature (ST) and chilling 

stress (CS) conditions. The size of the leaves is visibly different on the photos and further 

supported by the average area comparison. 

Comparing the same days, we can observe the expressive delay of the plants 

facing the low temperature in all the genotypes. The leaves are substantially smaller 

comparing when the beans were grown under chilling stress conditions.  

These data provide more evidences that Eureka (EU) shows bigger leaves in 

comparison with Złota Saxa and Urania Zielona (which are quite similar). Under standard 

temperature (ST) the disparity between them gets bigger over the days. As observed 

before, Eureka does not show a significant difference in size on day 6. Yet, on the 

following time points of 8 and 10 days Eureka leaves are more than double size 

comparing to Złota Saxa and Urania Zielona.  

However, looking to the leaves grown under chilling stress conditions (CS) the 

difference of the area is not so significant between genotypes. Nevertheless, considering 

that Eureka under standard temperature presents the biggest area of the leaf, this may 

suggest that after 6 days Eureka could be the genotype which presents the most relevant 

delay of growth when facing chilling stress conditions. 

In face of these data, the selection of plants at the same day of growth will 

probably provide striking differences related to the adaptation of the stress, however, 

does not provide a fair comparison among the phenotypes, since the beans are not at 

the same stage of development. For this reason, it was important to find new time points 

where the area of the leaves is more similar between the genotypes and growth 

conditions. 
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Figure 18 – Comparison of the area of the leaves between the genotypes Eureka (EU), Złota Saxa (ZS) and Urania 
Zielona (UZ) and treatments standard temperature (LD) or chilling stress (CS) conditions considering the time 
points of 6 8 and 10 days of growth. 
Graphics A, B and C: comparison of the average area of 5 leaves of each genotype by the same day of growth 

(respectively 6, 8 and 10 days) under standard temperature (LD) and chilling stress (CS) conditions. Standard deviation 

marked by the gray line on top of each bar. Above each graphic one photo as example for each leaf showing the 

differences in size. 

 

In order to adjust for similar phenotypes, new points were chosen.  Figure 19 

presents new timepoints when the average area of 5 leaves is more similar. On top of 

each graphic photos as example of how leaves collected in those new timepoints exhibits 

now a  similar phenotype between ST and CS conditions.  
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Figure 19 – Comparison of the area of the leaves between the genotypes Eureka (EU), Złota Saxa (ZS) and Urania 
Zielona (UZ) and treatments standard temperature (LD) or chilling stress (CS) conditions for similar phenotypes. 
Graphics D, E and F: comparison of the average area of 5 leaves of each genotype by similar areas at new time points 

under standard temperature (LD) and chilling stress (CS) conditions. Standard deviation marked by the gray line on top 

of each bar. Above each graphic one photo as example for each leaf showing the differences in size. 

 

 
First adjustment was between the genotypes under standard temperature: since 

Eureka was the biggest, to keep the similar area for the leaves in 6, 8 and 10 days for 

Złota Saxa and Urania Zielona, Eureka should be compared in 5, 6 and 8 days of growth  

respectively.  

Second, to find resembles phenotypes between the conditions the days of 

selection for the beans under chilling stress should be 10, 12 and 14 for Eureka and 15, 

17, 19 for Złota Saxa and Urania Zielona.  

By the end, additionally to the 6, 8 and 10 days selected before for harvesting and 

isolations comparing materials obtained at the same time point, those new days were 

selected as additional time points for new harvesting and isolations for the comparison 

when the phenotypes resemble the same: 

• Day 5 for the growth of Eureka under standard temperature condition  

• Days 12 and 14 for the growth of Eureka under chilling stress condition.  

• Days 15, 17 and 19 for the growth of Złota Saxa and Urania Zielona under chilling 

stress conditions. 

We started comparing the treatments at the same day of  growth choosing 6, 8 and 

10 days as timepoints to better observe the development of the plants. We testified the 

delay of growth in beans growing under chilling stress conditions when compared with 
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standard temperature conditions (Figure 17). The new adjustments and time points 

provide a new information to compare the pots resembling the same phenotypes and 

how many extra days the plants under low temperature growth conditions need to display 

the same size as the plants under standard temperature conditions at 6, 8 and 10 days 

of growth (Figure 20). 
 
 
 
 
 
 
 
 
 
 
 

Figure 20 - Comparison between genotypes (Eureka, Złota Saxa and Urania Zielona) by the similar phenotype 
between treatments (standard temperature and chilling stress conditions).  
The photos represent the duration of treatment  when the phenotypes are similar between standard temperature and 

chilling stress conditions. The comparison was guided by the phenotype first observed for Ph. vulg. (Złota Saxa 

and Urania Zielona) under standard temperature for 6 days (D), 8 days (E) and 10 days (F) upon illumination and then 

completed with the similar phenotypes for Ph. vulg. under chilling stress condition and for Ph. cocc. (Eureka) for both 

conditions  

 
 
4.2 Chloroplast purification and fractionation 

The photosynthesis, the most affected process by the stress, occurs in the 

chloroplast.  Some key differences may be observed in this organelle and for this reason, 

it is important to properly isolate it from the rest of the plant material. Furthermore, 

understanding the location of the protein in the chloroplast may provide valuable 

information about the function and post-translational modifications of the proteins related 

to this process.  

The protocol described before in the section Materials and Methods was performed 

for chloroplast extraction followed by its fractionation to obtain both stroma and thylakoid 

singular fractions in order to, later on, elucidate about the location of the proteins 

differently present in each fraction. 

By the end of the isolations process, we had samples of chloroplast (chl) and the 

thylakoid (thy) and stroma (str) fractions for the genotypes Eureka (EU), Złota Saxa (ZS) 

and Urania Zielona (UZ) in the standard temperature (ST) and chilling stress (CS) 

conditions for all the selected time points. 

D E F 
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The samples for the harvesting time points of 6, 8 and 10 days were separated in 

1D SDS PAGE gels. Afterwards, the cross-contamination of the fractions was verified 

using marker proteins associated with the stroma and to the thylakoid fractions. This was 

done by Western Blotting using specific antibodies raised against marker proteins from 

the different subchloroplastic fractions, the antibodies against RuBisCo Large Subunit 

(Rbc-L) and CP43. 

Rubisco (Ribulose-1,5-bisphosphate carboxylase/oxygenase) is the most 

abundant protein on the Earth and the key enzyme in CO2 fixation and oxygenation. It is 

composed of eight large (Rbc-L) subunits, with 55 kDa, and eight small subunits (Rbc-

S), with 14–16 kDa. Rubisco is a stroma-localized protein and in the 1D SDS PAGE gels 

will be the biggest band detected in the stroma fractions and being an outstanding marker 

to check thylakoid purity by immunobloting (Demirevska et al., 2009). 

The chlorophyll binding proteins CP47 and CP43 are components of the internal 

antenna system of photosystem II (PSII). Thus, they  harvest light energy and  funnel 

excitation energy transferring excitons to the PSII photochemical reaction center (Barber 

et al., 2000). CP43 is a well-known marker for thylakoid fractions, thus being very 

adequate to assay stroma purity. 

Figure 21 shows the purity check of the stroma and thylakoid fractions from the 

beans at 6, 8 and 10 days of growth (Figure 21.A). The chloroplast (chl), thylakoid (thy) 

and stroma fractions were isolated, and the proteins separated on a 1D SDS-PAGE gel 

(Figure 21.B), transferred to a PVDF membrane with the amido black staining (Figure 

21.C). Subsequently, the immunoblotting assay revealed that the Rbc-L was detected 

only in the chloroplast and stroma fractions, and CP43 was detected only in chloroplast 

and thylakoid fractions (Figure 21.D),  confirming that the fractions were properly isolated 

from the chloroplast. 

Figure 22 shows the same purity check performed for the beans under chilling 

stress conditions. In Figure 22.A we can see the beans in the pots on the designed days 

of growth,6, 8 and 10. Figure 22.B displays the separation of the proteins from each 

sample in the 1D SDS-PAGE gel. The result from the immunoblotting (Figure 22.C) 

shows that there was no detection of RBC-L in the thylakoids fraction and no detection 

of CP43 in the stroma fractions. confirming once more the efficiency of the protocol to 

isolated from the chloroplast the stroma and thylakoid fractions.  
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Figure 21 –  Purity of thylakoid and stroma fractions from beans grown under standard temperature conditions 
checked by immunoblotting assays. 
A-Photo of the plant of each bean (Eureka, Złota Saxa and Urania Zielona) under standard temperature conditions during 

6, 8 and days upon illumination. 

B-1D SDS PAGE with Coomassie Blue staining containing 30 µg of proteins of the isolated fractions of chloroplast (chl), 

thylakoid (thy) and stroma (str) of Eureka (EU), Złota Saxa (ZS) and Urania Zielona (UZ) under standard temperature 

conditions during 6, 8 and days old. 

C-The corresponding transferred PVDF membrane with amido black staining 

D-The immunoblotting assays to check the purity of thylakoid fraction with the primary antibody against Rubisco Large 

Subunit (Rbc-L) and of stroma fractions with the primary antibody against CP43. 
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Figure 22 –  Purity of thylakoid and stroma fractions from beans grown under chilling stress conditions by 
immunoblotting assays. 
A-Photo of the plant of each bean genotype (Eureka, Złota Saxa and Urania Zielona) under chilling stress conditions 

during 6, 8 and days upon illumination. 

B-1D SDS PAGE 12% with Coomassie Blue staining containing 30 µg of proteins of the isolated fractions of chloroplast 

(chl), thylakoid (thy) and stroma (str) of Eureka (EU), Złota Saxa (ZS) and Urania Zielona (UZ) under chilling stress 

conditions during 6, 8 and days upon illumination. 

C- The immunoblotting assays to check the purity of thylakoid fraction with the primary antibody against Rubisco Large 

Subunit (Rbc-L) and of stroma fractions with the primary antibody agains CP43. 

 

 
4.3 Effects of dark-chilling on the arrangement of thylakoid 

membranes 
The thylakoid, the site of the light phase of photosynthesis which is the most 

affected process by environmental stress (Kratsch and Wise, 2000). Thylakoids  have 

been deeply investigated from a functional, structural, and biochemical point of view. 

Explore the changes in these structures may be a key to comprehend the adaptation of 

beans to chilling stress.  

Despite the proteomic studies delivered several results regarding the protein 

composition of thylakoids, the structure of the thylakoid membrane is dynamic and 

depends on environmental conditions (Garstka et al. 2005). Fluorescence emission 

spectrum of photosynthetic structures at liquid nitrogen temperature (77 K) provides 
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important insights into the organization of the photosynthetic machinery. Furthermore, 

the PSI fluorescence becomes visible at 77K (Lamb et al., 2018). 

In this study thethylakoid organization of the three genotypes of beans, in the two 

tested conditions, was examined by fluorescence emission spectra at 77K, a method to 

establish changes in the association of light-harvesting systems.  

Size and charge differences between PSI and PSII play a key role in their lateral 

arrangement (Rumak et al., 2012).  Figure 23 compares the relative fluorescence 

intensity to the first and the last chosen time points of each genotype and condition. 

Graphics A to C proves that when the beans are growing under standard temperature 

(ST) there is no significant variation in the peaks of PSII ( 680 and  690 nm) and PSI 

(735 nm) between the day 5 (for Eureka) or 6 (for Złota Saxa and Urania Zielona) and 

the day 10. These data indicate a stable proportion between PSI and PSII core 

complexes along the days when the beans are growing under optimal temperature.   

However, the graphics D to E evidence that, under chilling stress conditions, there 

is an oscillation on the peaks between day 6 and 14 for Eureka and between day and 19 

for Złota Saxa and Urania Zielona. The disparity is larger in the peaks of PSII ( 680 and  

690 nm). It is suggested that a lower abundance of LHCII connected with PSII exists in 

bean thylakoids at the beginning of the growth under low temperatures. Yet,  at the last 

chosen time point for chilling stress condition, it reaches the same desired levels first 

observed in the optimal temperature.  

The samples of all the selected time points and genotypes were compared to 

elucidate the variations at the peaks following each day of thylakoid isolated samples 

(Figure 24). For the genotypes developed at standard temperature conditions (graphics 

A, B and C), the peaks did not vary a lot during the growth as seen before.  

The graphics D, E and F disclose details about the fluorescence fluctuation on the 

photosystems arrangement of the beans adapting to chilling stress conditions. It is 

possible to observe a turning point on day 8. It implies that at this day of growth the beans 

under chilling stress conditions start to act in order to rearrange the thylakoid structures. 
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 Figure 23 - Fluorescence emission spectra (Ex 470 nm) at 77 K.  
The thylakoid fluorescence spectra of the first and the last timepoints of isolations in standard temperature (ST) (graphics 

A, B and C) and chilling stress (CS) (graphics D, E and F) conditions for Eureka, Złota Saxa and Urania Zielona. The 

spectra  were normalized to the area of 100 under the spectrum. 
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 Figure 24 - Fluorescence emission values (Ex 470 nm) at 77 K. 
The thylakoid fluorescence for PSI and PSII over the days selected for isolations in standard temperature (A, B and C) 

and chilling stress (D, E and F) conditions for Eureka (EU), Złota Saxa (ZS) and Urania Zielona (UZ). The spectra  were 

normalized to the area of 100 under the spectrum. 

 

It is a known fact that low-temperature affects the chloroplast ultrastructure, 

resulting in swelling and distorting of thylakoids (Kratsch and Wise, 2000). Besides, it 

has been proved that when plants are chilled for a longer time in the dark, the limitations 

of photosynthesis are associated with destabilization of PSII extrinsic proteins (Higuchi, 

2003). The night chilling stress induces rearrangements of chlorophyll-protein complexes 

conducting to the alterations of thylakoids structure in chilling sensitive bean (Garstka et 

al. 2005; Garstka et al. 2007). 
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4.4 Protein profile assessment in 2D SDS PAGE electrophoresis 

gel 
After assessment of the thylakoid and stroma fractions purity by immunoblotting, 

after 1D SDS PAGE,  the study proceeded with a 2D SDS PAGE analysis of the protein 

composition of the several samples from bean plants growing in standard and chilling 

temperatures. The 1D SDS PAGE detected no significant difference in the protein 

profiles between standard temperature and chilling stress conditions (Figures 21 and 

22). The analysis of the 2D SDS PAGE profiles will able to separate proteins not only 

per size as 1D SDS PAGE but also per their isoelectric point, being a more complex and 

detailed technique to separate proteins and compare the different experimental 

conditions. 

2D electrophoresis has become a valuable experiment of research in plant biology, 

combining approaches to provide information about protein patterns and their dynamic 

under different environmental conditions (Demirevska et al., 2009). The 2D SDS PAGE 

results may lead to a better understanding of the mechanisms underlying plant growth 

and development and, in this study, we aim to find differences in the proteomic profile 

that could be suggested as related to the beans response to chilling stress. 

The first goal was to establish the protocol for the first dimension, the isoelectric 

focusing (IEF), for both samples fractions. Although 2-D SDS PAGE is one of the most 

efficient methods to study complex patterns presence of proteins, the first dimension is 

often complicate. The isoelectric focusing  to separate proteins from plants  is often 

misrepresent by other nonprotein contaminants indigenous to the plant, such as organic 

acids, lipids, polyphenols, pigments, terpenes, etc (Wang et al., 2003) 

In our laboratory team, a former master student developed a protocol for the stroma 

fraction isolated from beans and now with a few adaptations described in the Materials 

and Methods section,  the protocol was optimized for stroma and thylakoids. The most 

important adaptations were: creation of a new support made by a 3D printer for the strips 

at the denaturation of the proteins step at 60°C for 15 minutes, setting the amount of 340 

µg of proteins and the final volume of 125 µL and usage of the strips with pH range 3–

10 since most thylakoid proteins were found to focus in the pH range 4–7. 

The second goal was to perform both Coomassie blue and silver staining protocol 

in separated gels to investigate which method could provide a clear detection for the 

proteins comparison between the temperature conditions. Although silver staining has 

high sensitivity and the wide dynamic range of various fluorescent detection methods, 

Coomassie Blue staining is still the most widely used protein detection technique for 
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proteins separated by polyacrylamide gel electrophoresis. Some of the reasons to stand 

the title are: due to the lower price,  fewer steps are needed (silver staining 

requires  protein fixation, then sensitization, afterwards silver impregnation and in the 

end image development). Moreover, Coomassie blue presents higher compatibility with 

mass spectrometry (Chevalle et al., 2006). 

The original project plan was to assess all the stroma and thylakoid samples from 

all genotypes and time points. Furthermore, to compare and to find the differences in 

order to select candidates proteins for further studies. A future project would be able, 

from this point, to identify and to characterize the candidate proteins and deeply 

investigate their relations as regulators during the chilling stress.  

Unfortunately, all the activities were compromised due to covid-19 pandemic and 

access to the laboratory was restricted to less time providing safe job rotations. 

Consequently, our plan was modified and the 2D SDS Page was performed for Eureka 

at 8 days of growth. 

The phenotypic differences discussed before suggested Eureka as the genotype 

which has the most significant delay of growth under chilling stress. Furthermore, the low 

temperature (77 K) fluorescence indicates 8 days of growth as an important moment 

regarding changes in the structure and organization of the thylakoids.  

The stroma (str) and thylakoid (thy) isolated samples of Eureka (EU) at 8 days of 

growth under both standard temperature (ST) and chilling stress (CS) were assessed in 

2D SDS PAGE electrophoresis gel with Coomassie blue and silver staining methods 

separately.  

The gels from stroma (str) fraction, in different temperature conditions and staining 

methods are in visible in Figure 25. In the gels with silver staining there is an ample blur 

disturbing the visualization. On the other hand, the gels with Coomassie blue staining 

provide a clear visualization of the protein profile and the distinction between standard 

temperature (ST) and chilling stress (CS) conditions may be better investigated. For 

further analyses only the gels with Coomassie blue staining will be used for the 

comparisons regarding to the stroma fraction.   

The gels from thylacoid (thy) fraction are seem in figure 26.  The blur once 

observed in stroma fractions with silver staining was not significant in the gels for 

thylakoid fraction. In fact, the gels with silver staining were considered the best ones to 

compare thylakoid fractions between standard temperature (ST) and chilling stress (CS) 

condition considering that the gels with Coomassie blue staining did not detected the 
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same level of detail (Figure 26). In regarding to the thylakoid fraction, only the gels with 

silver staining will be used for comparison between the ST and CS conditions. 
 

Figure 25 – 2D SDS Gels for the stroma (str) fraction of Eureka (EU) at 8 days of growth containing 30 µg of 
proteins comparing treatments and staining methods.  
Gel 1. Stroma fraction of Eureka at 8 days of growth under standard temperature conditions using Coomassie blue 

staining. 

Gel 2. Stroma fraction of Eureka at 8 days of growth under standard temperature conditions using silver staining. 

Gel 3. Stroma fraction of Eureka at 8 days of growth under chilling stress conditions using Coomassie blue staining. 

Gel 4. Stroma fraction of Eureka at 8 days of growth under chilling stress conditions using silver staining. 
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Figure 26 - 2D SDS Gels for the thylakoid (thy) fraction of Eureka (EU) at 8 days of growth containing 30 µg of 
proteins comparing treatments and staining methods.  
Gel 5. Thylakoid fraction of Eureka at 8 days of growth under standard temperature conditions using Coomassie blue 

staining. 

Gel 6. Thylakoid fraction of Eureka at 8 days of growth under standard temperature conditions using silver staining. 

Gel 7. Thylakoid fraction of Eureka at 8 days of growth under chilling stress conditions using Coomassie blue staining. 

Gel 8. Thylakoid fraction of Eureka at 8 days of growth under chilling stress conditions using silver staining. 

 

Comparing in more detail the 2D SDS PAGE gels of the stroma fraction in the 2 

tested conditions (Figure 27), 11 major variations of proteins may be pointed between 

standard temperature and chilling stress conditions. As marked in the gels we suggest 

that the proteins shown are: 1-Rubisco large subunit (RBC-L); 2-Rubisco small subunit 

(RBC-S); 3-Transketolase and 4-FtsZ (Andaluz et al., 2006).  

Figure 28 compares the gels of the thylakoid fraction and presents 17 first sight 

alterations of proteins between standard temperature and chilling stress conditions. As 

marked in the gels we suggest that the proteins shown are: 5-PsaA/PsaB; 6-ATPase; 7-

CP47; 8-CP43; 9-D2; 10- D1; 11-LHCII; 12-Cytochrome b6 and 13-CP24 (Shao et al., 

2011). 

Further software analyses may confirm more variations of proteins between the 

conditions and the suggested proteins. For instance, the  variations can only be 

confirmed after identification by Liquid Chromatography with tandem mass spectrometry 

(LC-MS-MS) for instance. 
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Figure 27 – Stroma (Str) fraction of Eureka (EU) at 8 days comparison between standard temperature (ST) and 
chilling stress (CS) conditions containing 30 µg of proteins 
2D SDS PAGE electrophoresis gels with Coomassie blue staining for stroma fraction of Eureka at 8 days of growth 

under standard temperature (Gel 1) and chilling stress (Gel 3) conditions. 

 
Figure 28 – Thylakoid (Thy) fraction of Eureka (EU) at 8 days comparison between standard temperature (ST) 
and chilling stress (CS) conditions containing 30 µg of proteins 
2D SDS PAGE electrophoresis gels with silver staining for thylakoid fraction of Eureka at 8 days of growth under 

standard temperature (Gel 6) and chilling stress (Gel 8) conditions. 

 

It is important to note that more independent gel replicates should be done to 

evaluate the significance of the changes. Furthermore, in-gel digestion of proteins and 

sample preparation for mass spectrometric analysis is essential to identify the best 

proteins candidates to widein the investigation, at the proteome level, the beans 

adaptions mechanisms to overcome the chilling stress conditions. 
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5. Conclusions and perspectives 
Chilling stress is a condition known to act as environmental stress for plants, 

although not affecting all plants in the same manner. For instance, different beans 

genotypes present different level of damages, resistance and response to low 

temperature.  

In this study, it was shown that in optimal temperature conditions Eureka 

(Phaseolus Coccineus L.) exhibits bigger leaves than Złota Saxa and Urania Zielona 

(both Phaseolus Vulgaris L.). Furthermore, all the beans genotypes tested under chilling 

stress (CS) display a delay in the growth: smaller leaf size and greater number of days 

to achieve the main developmental stages comparing with standard temperature (ST) 

conditions.  

The delay may be more significant in Eureka, once the difference in size and days 

for developmental stages have a larger variation between ST and CS conditions when 

compared with the other genotypes. 

Based on these observations, we selected specific time points for the harvesting 

and further isolation of chloroplast, stroma and thylakoid fractions in order to evaluate 

the effect of the chilling temperature in these important organelles. The time points were 

chosen based on events (when the first pair of leaves appears, open and is fully 

extended) or in days with similar phenotypes between plants under ST and CS 

conditions. 

The isolated samples were separated by 1D SDS PAGE evidencing the purity of 

each fraction and later they were separated by 2D SDS PAGE. The IEF step included 

the exclusive establishment of a protocol for the insoluble thylakoid fraction analysis. The 

staining step suggested that different methods were better for different fractions: 

Coomassie blue for stroma and silver for thylakoids. The results of the 2D SDS PAGE 

gels propose several proteins variations among the fractions (stroma and thylakoid) and 

treatments (ST and CS conditions).  

Furthermore, the low-temperature fluorescence revealed a rearrange of the 

thylakoids membranes after 8 days of growth in the beans under chilling stress indicating 

this day of growth as a key moment related to the stress response. 

As perspective, the relative amounts of PSII and PSI antennae and the core 

proteins compared to the total chlorophyll amount should be determined by 

immunodetection with specific antibodies.  
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The candidate proteins reveled at the 2D SDS PAGE should be further identified 

and characterized by chromatography and mass spectrometry methods. The analysis of 

the samples considering isolated fractions indicate the location of the proteins.  Yet, 

further experiments are necessary to understand their activity and efficiency during the 

stress response. 
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