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Abstract

The European Green Deal (2020) strives to make Europe the first climate-neutral

continent. To that end, it is of utmost importance to design sustainable strategies that
will contribute to increased nitrogen and water use efficiency in economically important
crops. Tomato (Solanum lycopersicum) is among the most cultivated vegetable crops
worldwide and commercial cultivars are sensitive to water and N deficit representing
dramatic yield losses. Despite N and water deficit being two of the most important factors
limiting plant growth, only a few studies have addressed the interactions between both
abiotic stresses, and new insights are required to improve their use efficiency.
Considering this, the major aims of this Ph.D. thesis are to: i) explore mechanisms
involved in tomato responses to combined N and water deficit and compare these with
the response to single N or water deficit, and ii) explore sustainable mitigation strategies
that help tomato plants to cope with these combined abiotic stresses. As a first step to
assess plant responses to combined N and water deficit (N+W) tomato seedlings cv.
Micro-Tom were exposed to a gradual mild N and/or water deficit levels for 16 days. A
large number of parameters were analyzed, at different levels of integration, including:
(i) morphological traits; (ii) physiological responses; (iii) plant metabolites as well as N
metabolism-related enzymes; (iv) transcript accumulation of carbon and N metabolism-
related genes; (v) oxidative stress biomarkers; (vi) non-enzymatic and (vii) enzymatic
components of the antioxidant system, both at the transcript and enzyme activity level.
This holistic approach allowed us to show, for the first time, that although similarities in
morphological responses between plants grown under N and N+W deficits can occur,
different molecular and biochemical plant responses were employed by plants subjected
to the combined deficit. These responses could not be deduced from those observed
under single deficit conditions, and they were organ dependent (with roots and shoots
responding differently). For instance, at the root level plants grown under combined N+W
deficit were comparable to those of plants exposed to single W deficit alone, sharing
similar responses mainly related to osmoregulation (e.g. higher proline, total soluble
protein, and NOs™ concentration, along with a higher NR activity and upregulation of NR
and GS genes) and the antioxidant system (higher APX and CAT activity and Cu,ZnSOD,
APX, and CAT2 expression profiles). On the other hand, at the shoot level plants grown
under combined deficit were more alike to those exposed to single N deficit, sharing
similar responses mainly related to N remobilization (e.g. lower proline concentration,
higher C/N ratio, GS and NR activity as well as increased levels of rcbS and rcbL

transcripts). Interestingly, shoot characteristics of plants subjected to combined N+W
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deficit presented a general enhancement of several non-enzymatic and enzymatic
components (higher total antioxidant capacity and anthocyanins accumulation as well as
higher SOD, APX, and CAT activity along with higher upregulation of APX and CAT2
genes) that was not observed under the single deficits’ exposure. This suggests in the
presence of both deficits tomato seedlings can activate N remobilization and
osmoregulation mechanisms and increase their antioxidant responses. Since plant
responses differ according to the duration of the imposed stresses, in the second part of
this thesis, tomato seedlings were exposed to a more prolonged (27 days) N and/or water
deficit to further explore and better understand the underlying mechanism. To that end,
attention has also been paid to the morphological and physiological parameters, but
additionally, a special focus was given to: i) anatomical traits; ii) macronutrient
accumulation and partitioning; and iii) amino acids profile. For the studied deficit levels,
the impact on plant growth traits under combined deficit was more pronounced than the
one found under the single deficits. However, the anatomical traits were affected to the
same extent. Here, we showed that plants grown under N+W deficit used different N
remobilization and osmoregulatory mechanism that contributed to different physiological
responses. For instance, under N+W deficit root synthesis of asparagine and arginine
specifically increased. This led to lower N remobilization from the photosynthetic
machinery, as demonstrated by the lower decreases in chlorophyll content and
photosynthetic rate compared to plants grown under single N deficit. In contrast, plants
subjected to single N deficit responded mainly through N remobilization from the
photosynthetic machinery, as demonstrated by the decreased chlorophyll content and
photosynthetic rate. Furthermore, under combined N+W deficit plants increased
reallocation of K™ (from roots to shoots) and synthesis of proline (at the root level), which
contributed to a higher stomatal closure and lower transpiration rate than in plants grown
under single W deficit. On the other hand, under single water deficit, plants invested
more in the root system as a strategy to increase uptake of water and nutrients.
Concerning the second main aim of the thesis, we analyzed the potential of silicon (Si)
application and of exploring the genotypic variation (particularly of the old accessions)
as tools to mitigate some of the adverse effects caused by combined N and water deficit.
Sodium silicate addition (2 mM) to the nutrient solution of tomato seedlings partly
alleviated the stress caused by the co-exposure to N and water deficit, increasing the
antioxidant system of these plants mainly at the root level (i.e. SOD, APX and CAT
activity) thus reducing the negative impact of the stress in several growth traits (e.g. root
and total dry weight as well as root length). We also showed in this thesis, for the first

time, that tomato has a considerably high variability in its response to the combined
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deficit, and that old accessions might represent a valuable gene pool in terms of
tolerance to these combined abiotic stresses. Taken together, these findings highlight
that tomato plants grown under combined stresses employ specific response
mechanisms that cannot be deduced from the responses obtained when both stressors
are individually applied. However, understanding the full mechanisms involved in the
complex interactions between combined stress factors is still in its infancy. With the large
dataset collected in the present study, we expect to motivate future studies addressing
tomato responses to combined N and W deficits to deeply understand the interactive
consequences of N starvation and water shortage on this crop throughout its life cycle.
Moreover, this thesis highlights the potential of Si and genotypic variation as valuable
tools to increase tomato tolerance to combined N and water deficit, which is highly

relevant under the current population growth and climate change context.

Keywords: antioxidant system, combined abiotic stress, gene expression, genotypic
variation, nitrogen remobilization, cv Micro-Tom, mitigation strategies, plant metabolism,

photosynthesis, osmoregulation, silicon, sustainable agriculture
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Resumo

O Green Deal Europeu (2020) pretende tornar a Europa o primeiro continente com
impacto neutro no clima. Para isso, € de elevada importancia desenhar estratégias
sustentaveis que possam contribuir para aumenta a eficiéncia do uso de azoto e agua
em culturas economicamente importantes. O tomate (Solanum lycopersicum) esta entre
as culturas horticolas mais cultivadas mundialmente, mas cultivares comerciais sdo
sensiveis a deficiéncia de agua e N, representando perdas dramaticas de produtividade.
Apesar dos déficits de azoto e de agua serem dois dos fatores mais importantes a limitar
0 crescimento das plantas, apenas alguns estudos abordaram as interacbes entre
ambos os stresses abidticos, e novos conhecimentos sdo necessarios para melhorar a
eficiéncia do seu uso. Tendo isto em consideracéo, os principais objetivos desta tese de
doutoramento sdo: i) explorar os mecanismos envolvidos nas respostas do tomateiro ao
déficit combinado de azoto e 4gua e compara-los com a resposta ao déficit individual de
azoto ou de agua e ii) explorar estratégias de mitigacdo sustentaveis que ajudem as
plantas de tomate a lidar com a combinagéo destes stresses abidticos. Como primeiro
passo para avaliar as respostas das plantas ao déficit combinado de azoto e agua,
plantulas de tomate foram expostas a um nivel moderado de déficit de azoto e/ou agua
por 16 dias. Um grande numero de parametros foi analisado, a diferentes niveis de
integracdo, incluindo: (i) caracteristicas morfologicas; (ii) respostas fisioldgicas; (iii)
metabolitos secundarios, bem como enzimas relacionadas com o metabolismo de azoto;
(iv) acumulacéo de fatores de transcricdo de genes relacionados com o metabolismo de
carbono e azoto; (v) biomarcadores de stresse oxidativo; (vi) componentes nao
enziméaticas e (vii) enziméticas do sistema antioxidante, tanto ao nivel da transcricdo
como da atividade enziméatica. Esta abordagem holistica permitiu mostrar pela primeira
vez que, apesar semelhancas nas respostas morfolégicas entre plantas cultivadas sob
déficit individual de azoto e déficit combinado de azoto e agua poderem ocorrer,
diferentes respostas moleculares e bioquimicas foram utilizadas pelas plantas
submetidas ao déficit combinado. Estas respostas ndo puderam ser deduzidas das
observadas nas plantas sob stress individual, e foram dependentes do érgao (raizes e
parte aérea a responderem diferenciadamente). Por exemplo, ao nivel radicular plantas
crescidas em déficit combinado de azoto e agua foram comparaveis as das plantas
expostas apenas ao déficit individual de agua, compartilhando respostas semelhantes
principalmente relacionadas com a osmorregulagdo (por exemplo, prolina, proteina
soltvel total e concentracdo de NOs; mais elevadas, juntamente com uma maior

atividade da NR e um aumento da expressao dos genes relacionados com a NR e GS)
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e com o sistema antioxidante (maior atividade da APX e CAT e da expresséo dos genes
Cu,ZnSOD, APX e CATZ2). Por outro lado, ao nivel da parte aérea as plantas crescidas
em déficit combinado foram mais idénticas as expostas ao déficit individual de azoto,
compartilhando respostas semelhantes principalmente relacionadas com a
remobilizacdo de azoto (por exemplo, menor concentragdo de prolina, maior relagcéo
C/N, atividade da GS e NR, bem como como niveis aumentados dos transcritos rcbS e
rcbL). Curiosamente, as caracteristicas da parte aérea das plantas submetidas ao déficit
combinado de azoto e agua apresentaram um aumento de varios componentes nao
enzimaticos e enzimaticos (maior capacidade antioxidante total e acumulacdo de
antocianinas, bem como maior atividade da SOD, APX e CAT, juntamente com uma
regulacéo positiva dos genes APX e CAT2) que ndo foi observada sob a exposi¢do aos
déficits individuais. Isto sugere que na presenca de ambos os déficits as plantulas de
tomate podem ativar mecanismos de remobilizacdo e osmorregulacdo de azoto e
aumentam a sua resposta antioxidante. Uma vez que a resposta das plantas difere de
acordo com a duracéo dos déficits impostos, na segunda parte desta tese, plantulas de
tomate foram expostas a um déficit mais prolongado (27 dias) de azoto e/ou agua
(stresse prolongado) para melhor explorar e compreender 0s mecanismos subjacentes.
Para isso, atencao foi novamente dada aos parametros morfoldgicos e fisioldgicos, mas
adicionalmente um foco especial foi dado a: i) caracteristicas anatomicas; ii) acumulacéo
e particdo de macronutrientes; e iii) perfil de aminoacidos. Para os niveis de déficit
estudados, o0 impacto nas caracteristicas de crescimento foi mais pronunciado nas
plantas crescidas em déficit combinado do que o observado nas plantas crescidas em
déficit individual. No entanto, as caracteristicas anatomicas foram afetadas na mesma
medida. Aqui, mostramos que as plantas crescidas sob déficit combinado de azoto e
agua usaram diferentes mecanismos de remobilizacdo de azoto e de osmorregulacdo
gue contribuiram para diferentes respostas fisiolégicas. Por exemplo, sob deficiéncia
combinada de azoto e Agua, a sintese radicular de asparagina e arginina aumentou
especificamente. Isso levou a uma menor remobilizagdo de azoto da maquinaria
fotossintética, conforme demonstrado pelas menores reducdes no teor de clorofila e da
taxa fotossintética destas plantas em comparacéo as das crescidas em déficit individual
de azoto. Por outro lado, as plantas submetidas a déficit individual de azoto
responderam ao stresse principalmente através da remobilizacdo de azoto da
maquinaria fotossintética, conforme demonstrado pela diminui¢do do teor de clorofila e
da taxa fotossintética. Além disso, em déficit combinado de azoto e agua, as plantas
aumentaram a realocacdo de K* (da raiz para a folha), e a sintese de prolina (a nivel

radicular), o que contribuiu para um maior fecho estomatico e menor taxa de
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transpiracdo do que observado nas plantas crescidas em déficit individual de agua. Por
outro lado, sob déficit individual de 4gua, as plantas investiram mais no sistema radicular
como estratégia para aumentar a absor¢cdo de agua e nutrientes. Quanto ao segundo
objetivo principal da tese, analisamos o potencial da aplicacdo de silicio (Si) e de
explorar a variacdo fenotipica (particularmente de acessos tradicionais) como
ferramentas para mitigar alguns dos efeitos adversos causados pelo déficit combinado
de azoto e agua. A adicdo de silicato de sédio (2 mM) a solugdo nutritiva das plantulas
de tomate aliviou parcialmente o stresse causado pela co-exposi¢cdo ao déficit de azoto
e agua, aumentando o sistema antioxidante dessas plantas principalmente ao nivel da
raiz (i.e. atividade SOD, APX e CAT) o que reduziu o impacto negativo do stresse em
varios parametros de crescimento (por exemplo, peso seco da raiz e total, bem como
comprimento da raiz). Também mostramos nesta tese, pela primeira vez, que o
tomateiro apresenta uma variacdo fenotipica consideravel na sua resposta ao déficit
combinado, e que acessos tradicionais, podem representar um pool genético valioso em
termos de tolerancia a estes stresses abidticos combinados. No seu conjunto, estas
descobertas destacam que as plantas de tomate crescidas em stresses combinados
empregam mecanismos de resposta especificos que nao podem ser deduzidos das
respostas obtidas quando ambos os stresses séo aplicados individualmente. No
entanto, a compreensdo de todos 0os mecanismos envolvidos na complexa interagédo
entre os fatores do stress combinado ainda esta numa fase inicial. Com o elevado
conjunto de dados recolhidos neste trabalho, esperamos motivar estudos futuros que
abordem as respostas do tomate aos déficits combinados de azoto e 4gua de modo que
seja possivel entender detalhadamente as consequéncias interativas da caréncia de
azoto e da escassez de agua nesta cultura, ao longo de todo o seu ciclo de vida. Além
disso, esta tese destaca o potencial do Si e da variacdo fenotipica como ferramentas
valiosas de aumentar a tolerancia do tomateiro ao déficit combinado de azoto e 4gua, 0
gue € altamente relevante no contexto atual de crescimento populacional e mudancas

climaticas.

Palavras-chave: agricultura sustentavel, cv. Micro-Tom, estratégias de mitigacao,
expressdo geénica, fotossintese, metabolismo da planta, remobilizacdo de azoto,
osmorregulacao, silicio, sistema antioxidante, stresse abiotico combinado, variabilidade

fenotipica.

ix



FCUP | x
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

Publications and Communications

The following outputs were reached in the context of the present Ph.D. thesis:

Publications in international peer-reviewed journals:

Published

J. Machado, A.P.G. Fernandes, T.R. Fernandes, E. Heuvelink, M.W. Vasconcelos,
S.M.P, Carvalho. (2022). Drought and nitrogen stress effects and tolerance mechanisms
in tomato: a review. In Plant Nutrition and Food Security in the Era of Climate Change,
Ed. Kumar, V., Srivastava, A.K., Suprasanna, P. United States: Elsevier.
https://doi.org/10.1016/B978-0-12-822916-3.00014-7 (Book Chapter)

B. Bokor, C. Santos, D. Kostolani, J. Machado, M. Nunes da Silva, SMP. Carvalho, M.
Vaculik, M.W. Vasconcelos. (2021). Mitigation of climate change and environmental
hazards in plants: potential role of the beneficial metalloid silicon". Journal of Hazardous
Materials, 416: 126193. http://dx.doi.org/10.1016/j.jhazmat.2021.126193. Q1: Health,
Toxicology and mutagenesis; Q1: Pollution, IF: 14.224

J. Machado, M.W. Vasconcelos, C. Soares, F. Fidalgo, E. Heuvelink, S.M.P. Carvalho.
(2023). Young tomato plants respond differently under single or combined mild nitrogen
and water deficit: an insight on morpho-physiological responses and primary
metabolism. Plants, 12(5): 1181. https://doi.org/10.3390/plants12051181 Q1: Plant
Sciences. IF: 4.827

J. Machado, M.W. Vasconcelos, C. Soares, F. Fidalgo, E. Heuvelink, S.M.P. Carvalho.
(2023). Enzymatic and non-enzymatic antioxidant responses of young tomato plants (cv.
Micro-tom) to single and combined mild nitrogen and water deficit: not the sum of the
part. Antioxidants, 12(2): 375. https://doi.org/10.3390/antiox12020375. Q1: Biochemistry
& Molecular Biology. IF: 7.675

J. Machado, E. Heuvelink, M.W. Vasconcelos, L.M. Cunha, R. Finkers, S.M.P. Carvalho.
(2023). Exploring tomato phenotypic variability under combined nitrogen and water
deficit. Plant and Soil. https://doi.org/10.1007/s11104-023-06023-5. Q1: Plant Sciences.
IF: 4.993

J. Machado, A.P.G. Fernandes, B. Bokor, M. Vaculik, E. Heuvelink, S.M.P. Carvalho,
M.W. Vasconcelos. (2023). The effect of silicon on the antioxidant system of tomato


https://doi.org/10.1016/B978-0-12-822916-3.00014-7
http://dx.doi.org/10.1016/j.jhazmat.2021.126193
https://doi.org/10.3390/plants12051181
https://doi.org/10.3390/antiox12020375
https://doi.org/10.1007/s11104-023-06023-5

FCUP | xi
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

seedlings exposed to individual and combined nitrogen and water deficit. Annals of
Applied Biology. https://doi.org/10.1111/aab.12849. Q1: Agronomy and Crop Sciences.
IF: 2.766

To be submitted:

J. Machado, A.P.G. Fernandes, B. Bokor, M. Vaculik, D. Kostolani, A. Kokavcova, E.
Heuvelink, M.W. Vasconcelos, S.M.P. Carvalho. (2023). Combined nitrogen and water
deficit impact on tomato plant anatomy, nutrient accumulation and partitioning, and

amino acids profile. Environmental and Experimental Botany (in preparation)

Oral communications in international conferences:

J. Machado, A.P.G. Fernandes, M.W. Vasconcelos, A. Gomez-Cadenas, E. Heuvelink,
S.M.P. Carvalho (2022). Combined nitrogen and water stress affect morpho-
physiological traits and alter the endogenous hormone profile of tomato seedlings. In:

XXXI International Horticultural Congress, ISHS, Angers, France: 14-20 August.

J. Machado, M.W. Vasconcelos, C. Soares, F. Fidalgo, E. Heuvelink, S.M.P. Carvalho
(2021). Integrated analysis of tomato (Solanum lycopersicum L.) responses to combined
nitrogen and water deficit. In: IXXIV Meeting of the Spanish Society of Plant Biology, XVII

Spanish Portuguese Congress on Plant Biology, Online: 7- 8 July.

J. Machado., E. Heuvelink, R. Finkers, M.W. Vasconcelos, S.M.P. Carvalho. (2018).
Screening tomato genotypes under combined water and nitrogen stress. In: International
Symposium on Water and Nutrient Relations and Management of Horticultural Crops -

XXX International Horticultural Congress, ISHS, Istanbul, Turkey: 12-17 August.

J. Machado., E. Heuvelink, R. Finkers, M.W. Vasconcelos, S.M.P. Carvalho. (2018).
Screening tomato genotypes under combined water and nitrogen stress. IHC2018 -
Workshop on Phenotyping for Horticultural Crops. In: XXX International Horticultural

Congress, ISHS, Istanbul, Turkey: 12-17 August (by invitation).

Oral communications in national scientific events

S.M.P. Carvalho, A.P.G. Fernandes, J. Machado (2022). Fisiologia vegetal aplicada ao
melhoramento: casos de estudo no sector horticola. In: Summer School, Coimbra,
Portugal: 12 July.


https://doi.org/10.1111/aab.12849

FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

J. Machado., E. Heuvelink, M.W. Vasconcelos, S.M.P. Carvalho (2021). Unraveling the
morpho-physiological, biochemical, and molecular responses of tomato plants to
combined nitrogen and water deficit. In: Sustainable Agrifood Production Seminars,

Vairdo, Portugal, 15 December.

J. Machado., E. Heuvelink, M.W. Vasconcelos, S.M.P. Carvalho. (2020). Global impact
of water and nitrogen stress on plant nutrition and food security: Tomato as a case of

study. In: Summer School - from SOIL 2 FORK, Vairédo, Portugal: 23 September.

Poster communications at national conferences:

J. Machado, A.P.G. Fernandes, E. Heuvelink, M.W. Vasconcelos, L.M. Cunha, R.
Finkers, S.M.P. Carvalho. (2022). SLA and WUE are key parameters in tomato tolerance
response to combined nitrogen and water deficit. In Ciéncia 2022, Lisboa, Portugal: 16-
18 May.

J. Machado, M.W. Vasconcelos, C. Soares, F. Fidalgo, E. Heuvelink, S.M.P. Carvalho
(2021). Modulation of the antioxidant network in young tomato plants (Solanum
lycopersicum L.) exposed to combined nitrogen and water deficit. In: Il Plant Abiotic

Stress Forum, Porto, Portugal: 29t May.

J. Machado, E. Heuvelink, R. Finkers, M.W. Vasconcelos, S.M.P. Carvalho. (2018).
Phenotypic evaluation of different tomato genotypes under combined water and nitrogen

stress. In: Ciéncia 2018, Lisboa, Portugal: 2-4 July.

Xii



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

Table of Contents

Acknowledgements ii
Abstract iv
Resumo Vil
Publications and Communications X
List of Tables XVii
List of Figures Xix
Abbreviations XXV
CHAPTER 1 - GENERAL INTRODUCTION 1
Overview 2
Aim and outline of the thesis 3

Sub-chapter 1.1: Drought and nitrogen stress effects and tolerance mechanisms

in tomato: a review

6

1. Introduction

7

2. Tomato plant responses to drought stress

9

2.1. Impact on plant growth, yield, and fruit quality

11

2.1.1. Plant growth and development

11

2.1.2. Yield and fruit quality

13

2.2. Physiological and biochemical mechanisms underlying drought stress and
tolerance

15

2.2.1. Photosynthesis and stomatal behavior

15

2.2.2. Water relations and osmotic adjustment

17

2.2.3. Oxidative stress and scavenging system

18

2.2.4. Nutrient uptake

19

2.3. Molecular mechanisms underlying drought tolerance

20

3. Tomato plant responses to nitrogen stress

25

3.1. Impact of nitrogen on plant growth, yield, and fruit quality

27

3.1.1. Plant growth

27

3.1.2. Yield and fruit quality

28

3.2. Physiological and biochemical mechanisms underlying N stress
3.2.1. Photosynthesis

30
30

3.2.2. Oxidative stress and scavenging system

31

3.2.3. Nutrient uptake

32

3.3. Molecular mechanisms underlying nitrogen stress and tolerance
3.3.1. N uptake and transport

33
33

3.3.2. N assimilation

34

3.3.3. N remobilization

35

4. Conclusions and future prospects

37

Sub-chapter 1.2: Role of silicon in mitigating drought and nutrient deficiency _ 39

1. Introduction

40

2. Drought

41

3. Nutrient Deficiency

48

4. Conclusion

49

xiii



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

CHAPTER 2 - UNRAVELLING THE MECHANISMS INVOLVED IN TOMATO
RESPONSES TO COMBINED NITROGEN AND WATER DEFICIT 54

Sub-chapter 2.1: Young tomato plants respond differently under single or
combined mild nitrogen and water deficit: an insight on morpho-physiological

responses and primary metabolism 55
1. Introduction 56
2. Material and Methods 58

2.1. Plant material and growth conditions 58
2.2. Plant growth and physiological parameters 59
2.3. Plant Metabolism 60
2.3.1. Proline and Protein Quantification 60
2.3.2. Total nitrogen (N), carbon (C), nitrate (NO3z") quantification 61
2.3.3. Extraction and quantification of N metabolism-related enzymes 61
2.3.4. Gene expression quantification analysis of RuBisCO and N metabolism-
related genes 61
2.4, Statistical analysis 63
3. Results 63
3.1. Plant growth and physiological parameters 63
3.2. Plant Metabolism 66
3.2.1. Proline and Protein concentration 66
3.2.2. Total N, C, NOs™ quantification 68
3.2.3. Nitrate reductase and glutamine synthetase activity 69
3.2.4 RuBisCO and N metabolism-related genes 70
3.3. Principal Component Analysis 72
4. Discussion 75
4.1. Effect of combined N and Water deficit on plant growth and physiological
parameters 75
4.2. Effect of Combined N and W deficit on plant metabolism 77
5. Conclusion 81

Sub-chapter 2.2: Enzymatic and non-enzymatic antioxidant responses of young
tomato plants (cv. Micro-tom) to single and combined mild nitrogen and water

deficit: not the sum of the parts 82
1. Introduction 83
2. Material and Methods 85

2.1. Plant material and growth conditions 85
2.2. Biometric Traits 86
2.3. Analysis of Total Antioxidant Capacity and Non-enzymatic Component 86
2.3.1 Preparation of the extracts 86
2.3.2. Total Antioxidant Capacity: ABTS Assay 86
2.3.3. Non-enzymatic Component: total phenolics, flavonoids, carotenoids,
anthocyanins, and lignin 87
2.3.3.1. Determination of Total Phenolic Content (TPC) 87
2.3.3.2. Determination of total flavonoids 87
2.3.3.3. Determination of total monomeric anthocyanins 87
2.3.3.4. Determination of lignin 88
2.4. Oxidative Stress Biomarkers 88
2.4.1. Lipid peroxidation 88
2.4.2. Hydrogen peroxide (H202) quantification 88
2.5. Enzymatic Component 89
2.5.1. Enzyme extraction and quantification; SOD (EC.1.15.1.1), CAT
(EC.1.11.1.6) and APX (EC.1.11.1.11) 89
2.5.2. SOD, APX, and CAT expression profile 89

2.6. Statistical analysis 90

Xiv



FCUP | xv

Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

3. Results

91

3.1. Plant Growth

91

3.2. AOX Activity

91

3.3. Non-enzymatic component: total phenolics, flavonoids, carotenoids,

anthocyanins, and lignin

92

3.4. Oxidative stress biomarkers — MDA and H>O- levels

94

3.6. SOD, APX, and CAT expression profile

95

3.7. Principal Component Analysis (PCA)

96

4. Discussion

99

5. Conclusions

102

Sub-chapter 2.3: Combined nitrogen and water deficit impact on tomato plant
anatomy, macronutrient accumulation and partitioning, and amino acids profile.

104

1. Introduction

106

2. Material and Methods

107

2.1. Plant material and growth conditions

107

2.2 Anatomical traits

108

109

2.3. Plant growth and physiological traits
2.4 Digestion of plant material and estimation of minerals

109

2.5. Quantification of free amino acids and proline concentration
2.6. Statistical analysis

110
111

3. Results

112

3.1. Anatomical traits

112

3.2. Plant growth and physiological traits

113

3.3. Mineral composition of plant tissue

115

3.4. Free amino acids and proline composition of plant tissue

118

4. Discussion

121

5. Conclusions

124

CHAPTER 3 - EXPLORING SILICON AND GENOTYPIC VARIATION AS
STRATEGIES TO COPE WITH COMBINED NITROGEN AND WATER DEFICIT

126

Sub-chapter 3.1: The effect of silicon on the antioxidant system of tomato

seedlings exposed to single and combined nitrogen and water deficit 127
1. Introduction 128
2. Material and Methods 130

2.1. Plant material and growth conditions 130
2.2. Biometric traits 131
2.3. Total antioxidant capacity and non-enzymatic components 131
2.3.1. Preparation of the extracts 131
2.3.2. ABTS Free Radical Scavenging Assay 132
2.3.3. Total phenolics and flavonoids 132
2.4. Enzymatic assay 133
2.4.1. Enzyme extraction and activity quantification: SOD, CAT and APX___ 133
2.5. Statistical analysis 133
3. Results 133
3.1. Plant Growth 133
3.2. Total antioxidant activity (ABTS assay), non-enzymatic components: total
phenolics and flavonoids concentration 136
3.3. Enzymatic components: SOD, CAT, APX 139




FCUP | xvi
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

4. Discussion 141
5. Conclusions 143

Sub-chapter 3.2: Exploring tomato genotypic variation under combined nitrogen

and water deficit 144
1. Introduction 145

2. Materials and Methods 147

2.1. Plant material and growth conditions 147

2.2. Data collection: morphological and physiological measurements 150

2.3. Data analysis 151

3. Results 151

3.1. Screening for genotypic variation 151

3.2. Multivariate statistical analyses of the genotypic variation 155

4. Discussion 160

5. Conclusion 163
CHAPTER 4 — GENERAL DISCUSSION 172
1. Unravelling the mechanisms involved in tomato responses to combined nitrogen and
water deficit 173

2. Sustainable mitigation strategies to enhance tomato plants' performance under
combined nitrogen and water deficit 177
Conclusions and Future Prospects 180

References 183




FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

List of Tables

CHAPTER 1 - GENERAL INTRODUCTION

Sub-chapter 1.1

Table 1 - Summary of genes in which overexpression has been associated with improved
tolerance to drought stress in tomato. 22

Sub-chapter 1.2

Table 1 — Overview of studies in which silicon (Si) application has shown beneficial effects
alleviating drought stress 44

Table 2 — Overview of studies in which silicon (Si) application has shown beneficial effects
alleviating nutrient deficiency stress. 50

CHAPTER 2 - UNRAVELLING THE MECHANISMS INVOLVED IN TOMATO
RESPONSES TO COMBINED NITROGEN AND WATER DEFICIT

Sub-chapter 2.1

Table 1 - Primer sequences (Forward and Reverse) and annealing temperature (Tann) of
target genes used for RT-qPCR analysis. 62

-Table 2 — Morphophysiological responses of tomato cv. Micro-Tom grown for 16 days under

control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit
(W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W).
Abbreviations: DW = dry weight, Av. = average; Wshoot = shoot water potential. 64

Sub-chapter 2.2

Table 1 - Primer sequences (Forward and Reverse) and annealing temperature (Tann.) Of
target genes used for RT-qPCR analysis. 20

Sub-chapter 2.3

Table 1 - Mobile phases and gradient elution conditions used for amino acids identification
111

Table 2 - Free amino acids and proline concentration of tomato plants cv Micro-Tom grown
for 27 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N +
100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit
(N+W; 5.3 mM N+ 50% W). 119

XVii



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

CHAPTER 3 - EXPLORING SILICON AND GENOTYPIC VARIATION AS
STRATEGIES TO COPE WITH COMBINED NITROGEN AND WATER DEFICIT

Sub-chapter 3.1

Table 1 — Effects of deficit level: control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N;
5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen or water
deficit (N+W; 5.3 mM N + 50% W)) and silicon supplementation (two levels: 0 mM Na;SiO3
or 2mM Na;SiO3) on the growth traits of tomato plants cv. ‘Micro-Tom’ grown for 27 days. F
ratios and associated p values are shown. Significant p values (<0.05) are indicated in bold.

134

Table 2 - Effects of deficit level: control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3
mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen or water
deficit (N+W; 5.3 mM N + 50% W)) and silicon supplementation (two levels: 0 mM Na,SiO3
or 2mM NazSiOs3) on the antioxidant system (root and leaves) of tomato plants cv. ‘Micro-
Tom’ grown for 27 days. F ratios and associated p values are shown. Significant p values
(<0.05) are indicated in bold. 137

Sub-chapter 3.1

Table 1 - List of the tomato genotypes and wild relatives analyzed from a core germoplasm
collection existing at Wageningen University. For simplification genotypes were further
numbered from low to high percentage decrease in TDW in response to combined N and
water deficit. 147

xviii



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

List of Figures

CHAPTER 1 - GENERAL INTRODUCTION

Figure 1 - Schematic presentation of the thesis structure highlighting the goals of each
chapter 5

Sub-chapter 1.1

Figure 1 - Schematic overview of the morphological, physiological, biochemical, and
molecular processes occurring at specific tomato plant organs or the whole-plant level in
response to drought stress. 10

Figure 2 - Schematic overview of the morphological, physiological, biochemical, and
molecular processes occurring at specific tomato plant organs or the whole-plant level in
response to nitrogen deficiency. 26

Figure 3 - Interactive effects of elevated CO2 on N uptake and availability, photosynthesis,
photosynthetic acclimation (PAC) and soil microbiome. 31

CHAPTER 2 - UNRAVELLING THE MECHANISMS INVOLVED IN TOMATO
RESPONSES TO COMBINED NITROGEN AND WATER DEFICIT

Sub-chapter 2.1

Figure 1 - Transpiration rate as a function of time (a) and of relative water content (b) (RWC;
insert) in detached leaflets of tomato cv. Micro-Tom grown for 16 days under control (CTR;
black; 10.5 mM N + 100% W), nitrogen deficit (N; dark grey; 50% N + 100% W), water deficit
(W; light grey; 5.3 mM N + 100%W) or combined N and water deficit (N+W; white; 5.3 mM
N+ 50% W). Data presented are mean £ SEM (n = 6). n.s. above bars indicate non-significant
differences according to according to the Tukey’s HSD test (p = 0.05). 66

Figure 2 - Proline concentration in roots (a) and shoots (b) of tomato cv. Micro-Tom grown
for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N +
100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit
(N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3). Different letters above
bars indicate significant differences according to the Tukey’s HSD test (p = 0.05). 67

Figure 3 — Total soluble protein concentration of roots (a) and shoots (b) of tomato cv. Micro-
Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3
mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water
deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3). Different letters
above bars indicate significant differences according to the Tukey’s HSD test (p = 0.05)._67

Figure 4 — Total carbon concentration in roots (a) and shoots (b), total nitrogen concentration
in roots (c) and shoots (d) and carbon to nitrogen (C/N) ratio of roots (e) and shoots (f) ) of
tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen
deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen

Xix


file://///Users/joanamachado/Desktop/Joana%20Machado%20PhD%20Thesis_v3.docx%23_Toc137652138
file://///Users/joanamachado/Desktop/Joana%20Machado%20PhD%20Thesis_v3.docx%23_Toc137652138
file://///Users/joanamachado/Desktop/Joana%20Machado%20PhD%20Thesis_v3.docx%23_Toc137652141
file://///Users/joanamachado/Desktop/Joana%20Machado%20PhD%20Thesis_v3.docx%23_Toc137652141

FCUP | xx
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

and water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3).
Different letters above bars indicate significant differences between treatments according to
the Tukey’s HSD test (p=0.05). 68

Figure 5 — Nitrate (NO3") concentration in roots (a) and shoots (b) of tomato cv. Micro-Tom
grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N
+ 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit
(N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3). Different letters above
bars indicate significant differences according to the Tukey’s HSD test (p=0.05). 69

Figure 6 — Nitrate reductase (NR) activity in roots (a) and shoots (b) and glutamine synthase
(GS) activity in shoots (c) of tomato cv. Micro-Tom grown for 16 days under control (CTR;
10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM
N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data
presented are mean + SEM (n = 3). Different letters above bars indicate significant
differences according to Tukey’s HSD test (p = 0.05). GS activity was not detectable in roots
(i.e., below the limit of detection of the method). 70

Figure 7 — Relative fold of expression of RuBisCO and N metabolism-related genes in tomato
cv. Micro-Tom roots and shoots as affected by nitrogen deficit (N; 5.3 mM N + 100%W),
water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM
N+ 50% W). The 2-AACt values against the control are shown. * above mean values indicate
significant differences compared to the control according to the t-Test (p = 0.05). Green
indicates downregulation and red upregulation compared to the control plants. White
indicates that gene expression was maintained at levels identical to the CTR. 71

Figure 8 — Principal component analysis (PCA) of the plant growth parameters evaluated in
tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen
deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen
and water deficit (N+W; 5.3 mM N+ 50% W). The two principal components together (PC1,
PC2) explained 80% of the total variance found among treatments. Details on the
abbreviations are given in Material and Methods. 72

Figure 9 — Principal component analysis (PCA) of the plant metabolism in roots (A) and
shoots (B) evaluated in tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5
mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N +
50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). The two principal
components together (PC1, PC2) explained 87% and 79% of the total variance found among
treatments in roots and shoots, respectively. Details on the abbreviations are given in
Material and Methods. 74

Sub-chapter 2.2

Figure 1 - Total dry weight (a) and shoot root ratio (b) of tomato plants cv. Micro-Tom grown
for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N +
100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit
(N+W; 5.3 mM N+ 50% W). Data presented are mean = SEM (n = 6). Different letters above
bars indicate significant differences according to the Tukey’s HSD test (p = 0.05). 91

Figure 2 - Total antioxidant capacity measured by ABTS in roots (a) and shoots (b) of tomato
plants cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen
deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen
and water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3).
Different letters above bars indicate significant differences according to the Tukey’s HSD test
(p = 0.05). 92




FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

Figure 3 - Total phenolics in roots (a) and shoots (b), total flavonoids in roots (c) and shoots
(d), total monomeric anthocyanin in roots (e) and shoots (f) and lignin concentration in roots
(g9) and shoots (h) of tomato plants cv. Micro-Tom grown for 16 days under control (CTR;
10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM
N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). Data
presented are mean + SEM (n = 3). Different letters above bars indicate significant
differences and n.s. correspond to non-significant differences between treatments according
to the Tukey’s HSD test (p = 0.05). 93

Figure 4 - Lipid peroxidation of roots (a) and shoots (b) and H.O2 content of roots (c) and
shoots (d) of tomato plants cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM
N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50%
W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). Data presented are
mean + SEM (n = 3). Different letters above bars indicate significant differences and n.s.
correspond to non-significant differences between treatments according to the Tukey’s HSD
test (p=0.05). 94

Figure 5 - SOD activity in roots (a) and shoots (b), APX activity in roots (c) and shoots (d)
and CAT activity in roots (e) and shoots (f) of tomato plants cv. Micro-Tom grown for 16 days
under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water
deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+
50% W). Different letters above bars indicate significant differences and n.s. correspond to
non-significant differences between treatments according to the Tukey’s HSD test (p = 0.05).

95

Figure 6 - Relative fold of expression of antioxidant system-related genes in tomato cv.
Micro-Tom roots and shoots as affected by nitrogen deficit (N; 5.3 mM N + 100%W), water
deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+
50% W)). The 2-AACt values against the control are shown. *above The 2-AACt values
against the control are shown (n = 3). *above mean values indicate significant differences
compared to the control according to the t-Test (p = 0.05). Green colour indicates
downregulation and red colour upregulation compared to the control plants. 96

Figure 7 - Principal component analysis (PCA) of the antioxidant system in roots and shoots
evaluated of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N +
100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W)
or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). The two principal
components together (PC1, PC2) explained 81%, of roots, and 88%, in shoots, of the total
variance found among treatments. Details on the abbreviations are given in Material and
Methods 98

Sub-chapter 2.3

Figure 1 - Hypocotyl area (a) phloem area (b) and xylem area (c) on cross-section of the
hypocotyl of tomato plants cv Micro-Tom grown for 27 days under control (CTR; 10.5 mM N
+ 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W)
or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean
+ SEM (n = 3). Different letters above bars indicate significant differences according to the
Tukey’s HSD test (p=0.05) 112

Figure 2 - Cross sections of tomato hypocotyls with histochemical visualization of lignin.
Plants were grown for 27 days under control (CTR; 10.5 mM N + 100% W) (a), nitrogen deficit
(N; 5.3 mM N + 100%W) (b), water deficit (W; 10.5 mM N + 50% W) (c) or combined nitrogen
and water deficit (N+W; 5.3 mM N + 50% W) (d). Abbreviations: p — secondary phloem, x —
secondary xylem. Scale bar 500 pm 113

XXi



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

Figure 3 - Root (a) stem (b) and leaf dry weight (c) and root-to-shoot ratio (d) of tomato
plants cv Micro-Tom grown for 27 days under control (CTR; 10.5 mM N + 100% W), nitrogen
deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen
and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean = SEM (n = 6).
Different letters above bars indicate significant differences according to the Tukey’s HSD test
(p=0.05). 114

Figure 4 - Chlorophyll content (SPAD values) (a) photosynthetic rate (b) stomatal
conductance (c) and transpiration rate (d) of tomato plants cv Micro-Tom grown for 27 days
under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water
deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N +
50% W).Data presented are mean = SEM (n = 3). Different letters above bars indicate
significant differences according to the Tukey’s HSD test (p=0.05) 115

Figure 5 - Nitrogen (N) (a) potassium (K) (b) phosphorus (P) (c) calcium (Ca) (d) and
magnesium (Mg) (d) accumulation per tomato plant cv Micro-Tom grown for 27 days under
control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit
(W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50%
W). Data presented are mean £ SEM (n = 3). Different letters above bars indicate significant
differences according to Tukey’s HSD test (p=0.05). 116

Figure 6 - Nitrogen (N) (a), potassium (K) (b) phosphorus (P) (c) calcium (Ca) (d), and
magnesium (Mg) (d) content ratio of tomato plants cv. Micro-Tom grown for 27 days under
control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit
(W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50%
W).Data presented are mean + SEM (n = 3). Different letters above bars indicate significant
differences according to the Tukey’s HSD test (p=0.05 117

Figure 7 - Nitrogen utilization efficiency (NUtE) of tomato plants cv. Micro-Tom grown for 27
days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W),
water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM
N + 50% W). Data presented are mean + SEM (n = 3). Different letters above bars indicate
significant differences according to the Tukey’s HSD test (p=0.05). 118

CHAPTER 3 - EXPLORING SILICON AND GENOTYPIC VARIATION AS
STRATEGIES TO COPE WITH COMBINED NITROGEN AND WATER DEFICIT

Sub-chapter 3.1

Figure 1 — Root dry weight (a), stem dry weight (b), leaf dry weight (c), total dry weight (d),
shoot-to-root ratio (e), and leaf area (f) of tomato plants cv. ‘Micro-Tom’ grown for 27 days
under four levels of deficit [control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM
N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit
(N+W; 5.3 mM N + 50% W)] without (0 mM Na,SiOs3) or with (2mM Na,SiO3) of silicon (Si)
supplementation. Data presented are mean = SEM (n = 6). Bars represent Fisher's LSD
(p=0.05) for the significant interaction deficit level x silicon supplementation and for the
independent effects (D, deficit level; Si, silicon supplementation) when the interaction was
not statistically significant. 135

Figure 2 - Plant height (a), and root length (b) of tomato plants cv. ‘Micro-Tom’ grown for 27
days under four levels of deficit [control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3
mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water
deficit (N+W; 5.3 mM N + 50% W)] without (0 mM Na,SiO3z) or with (2mM Na»SiO3) of silicon
(Si) supplementation. Data presented are mean + SEM (n = 6). Bars represent Fisher's LSD
(p=0.05) for the significant interaction deficit levels x silicon supplementation and for the

XXii



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

independent effects (D, deficit level; Si, silicon supplementation) when the interaction was
not statistically significant. 136

Figure 3 - Antioxidant capacity measured by ABTS in roots (a) and leaves (b), total phenolics
in roots (c) and leaves (d), and total flavonoids in roots (e) and leaves (f) of tomato plants cv.
‘Micro-Tom’ grown for 27 days under four levels of deficit [control (CTR; 10.5 mM N + 100%
W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or
combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W)] without (0 mM Na,SiO3) or
with (2mM NazSiOs3) of silicon (Si) supplementation. Data presented are mean £ SEM (n =
3). Bars represent Fisher's LSD (p = 0.05) for the significant interaction deficit levels x silicon
supplementation and for the independent effects (D, deficit level; Si, silicon supplementation)
when the interaction was not statistically significant 138

Figure 4 - APX activity in roots (a) and leaves (b), CAT activity in roots (c) and leaves (d),
and SOD activity in roots (e) and leaves (f) of tomato plants cv. ‘Micro-Tom’ grown for 27
days under four levels of deficit [control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3
mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water
deficit (N+W; 5.3 mM N + 50% W)] without (0 mM NaxSiO3) or with (2mM Na,SiO3) of silicon
(Si) supplementation. Data presented are mean £ SEM (n = 3). Bars represent Fisher's LSD
(p=0.05) for the significant interaction deficit levels x silicon supplementation and for the
independent effects (D, deficit level; Si, silicon supplementation) when the interaction was
not statistically significant 140

Sub-chapter 3.1

Figure 1 - Effects of combined nitrogen and water deficit on the percentage of decrease (_D)
of total dry weight (TDW), root dry weight (RDW), stem dry weight (SDW), leaf dry weight
(LDW), shoot/root ratio (S/R), plant height (PH), leaf number (LN), leaf weight ratio (LWR),
leaf area (LA), leaf area ratio (LAR), specific leaf area (SLA), photosynthetic efficiency
(FW/Fm), stomatal conductance (gs) and water use efficiency (WUE) in each of the 40
screened tomato genotypes and wild relatives, and the variation observed across them
(minimum and maximum value, mean and standard deviation and the coefficient of variance
(%). Color scale represents the mean of the percentage of decrease (the difference between
the mean value of the control plants and mean of the stressed plants divided by the mean
value of the control plants, n = 8). Different colors used in the genotype number correspond
to a different category: old accessions (blue); modern inbred lines and hybrids (light orange);
wild tomato relatives (green). The genotypes were ordered from low to high percentage
decrease in TDW and their identification is given on Table 1 153

Figure 2 - Linear correlation between the percentage of decrease in total dry weight
(TDW_D) after exposure to combined nitrogen and water deficit and the total dry weight of
the control plants (TDW_CTR) for the 40 screened tomato genotypes and wild relatives.
Different symbols used in the genotype number correspond to a different category: old
cultivar (0); modern inbred lines and hybrids (o); wild tomato relatives (O). 154

Figure 3 - Pearson’s correlations coefficient for the percentage of decrease (_D) of each
evaluated morpho-physiological parameters from the 40 screened tomato genotypes and
wild relatives exposed to combined nitrogen and water deficit (* indicates significant
correlation at p=0.05). Green and orange colours represent positive or negative correlations,
respectively. Total dry weight = TDW; root dry weight = RDW, stem dry weight = SDW, leaf
dry weight = LDW, shoot/root ratio = S/R, plant height = PH, leaf number = LN, leaf weight
ratio = LWR, leaf area = LA, leaf area ratio = LAR, specific leaf area = SLA, photosynthetic
efficiency = Fv/Fm, stomatal conductance = gs, Water use efficiency = WUE. 155

Figure 4 - Principal component analysis (PCA) of the percentage of decrease (_D) of 14
morpho-physiological traits evaluated in a total of 40 screened tomato genotypes and wild
relatives subjected to combined nitrogen and water deficit. The two principal components

xXiii



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

(PC1, PC2) explained 60.7 % of the total variance. Different symbols used in the genotype
number correspond to a different category: old accessions (¢); modern inbred lines and
hybrids (o); wild tomato relatives (O). Total dry weight = TDW; root dry weight = RDW, stem
dry weight = SDW, leaf dry weight = LDW, shoot/root ratio = S/R, plant height = PH, leaf
number = LN, leaf weight ratio = LWR, leaf area = LA, leaf area ratio = LAR, specific leaf
area = SLA, photosynthetic efficiency = F./Fm, stomatal conductance = gs, Water use
efficiency = WUE. The identification of the genotypes is given on Table 1 156

Figure 5 - Box and whisker plots of the different clusters concerning the percentage of
decrease in total (A) root (B) stem (C) leaf (D) dry weight and shoot root ratio (E) in the 40
screened tomato genotypes and wild relatives subjected to combined nitrogen and water
deficit. Boundaries of the boxes represent the 15 (lower limit) and the 3 quartile (upper limit),
while the black line inside the box marks the median. The whiskers, above and below the
box, extend to the maximum and the minimum values, respectively. Different letters above
box-plots indicate significant statistical differences and n.s. correspond to non-significant
differences among clusters according to Kruskal-Wallis test at p=0.05. Colored points
represent the average values for each genotype within the corresponding cluster. Total dry
weight = TDW; root dry weight = RDW, stem dry weight = SDW, leaf dry weight = LDW,
shoot/root ratio = S/R. 158

Figure 6 - Box and whisker plots of the different clusters concerning the percentage of
decrease in plant height (A) leaf number (B) leaf weight ratio (C) leaf area (D) leaf area ratio
(E) and specific leaf area (F) in the 40 screened tomato genotypes and wild relatives
subjected to combined nitrogen and water deficit. Boundaries of the boxes represent the 15t
(lower limit) and the 3™ quartile (upper limit), while the black line inside the box marks the
median. The whiskers, above and below the box, extend to the maximum and the minimum
values, respectively. Different letters above box-plots indicate significant statistical
differences and n.s. correspond to non-significant differences among clusters according to a
Kruskal-Wallis test at p=0.05. Colored points represent the average values for each
genotype within the corresponding cluster. Plant height = PH, leaf number = LN, leaf weight
ratio = LWR, leaf area = LA, leaf area ratio = LAR, specific leaf area = SLA. 159

Figure 7 - Box and whisker plots of the different clusters concerning the percentage of
decrease in the photosynthetic efficiency (Fv/Fm,) (A) stomatal conductance (gs) (B) water
use efficiency (WUE) (C) in the 40 screened tomato genotypes and wild relatives subjected
to combined nitrogen and water deficit. Boundaries of the boxes represent the 15t (lower limit)
and the 3 quartile (upper limit), while the black line inside the box marks the median. The
whiskers, above and below the box, extend to the maximum and the minimum values,
respectively. Different letters above box-plots indicate significant statistical differences
among cluster according to Kruskal-Wallis test at p=0.05. n.s. = not significant. Colored
points represent the average values for each genotype within the corresponding cluster.
Photosynthetic efficiency = F./Fm, stomatal conductance = gs, water use efficiency = WUE.

160

XXiv



FCUP

Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

Abbreviations and Acronyms

10,
A

ABA
ABTS™
C/N
ACC
AMT
ANOVA
AOX
APX
AS

AsA

ATGs

BR

Ca
CAT
cDNA
Cl
CO2
CTR
Cu
Cv.

DHA

SINGLET OXYGEN

PHOTOSYNTHETIC RATE

ABSCISIC ACID

2,2-AZINOBIS-(3-ETHYLBENZOTHIAZOLINE-6-SULPHONIC ACID)

CARBON TO NITROGEN RATIO

1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID

AMMONIUM TRANSPORTERS

ANALYSIS OF VARIANCE

ANTIOXIDANT

ASCORBATE PEROXIDASE

ASPARAGINE SYNTHETASE

ASCORBIC ACID

AUTOPHAGY-RELATED GENES

BORON

BRASSINOSTEROID

CARBON

CALCIUM

CATALASE

COMPLEMENTARY DEOXYRIBONUCLEIC ACID

CHLORINE

CARBON DIOXIDE

CONTROL

COPPER

CULTIVAR

DEHYDROASCORBATE

XXV



DNA

DW

ETc
ETR

FC

Fe
Fu/Fm
Fv/Fo
Fv/Fm
FW
GABBA
GAE
GOGAT
GR

GS

Os

H20>
HATS
HO:
HPLC
HPS
ICP-OES
K

LA

LAR

FCUP

Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

DEOXYRIBONUCLEIC ACID

DRY WEIGHT

TRANSPIRATION RATE
EVAPOTRANSPIRATION

ELECTRON TRANSPORT RATE

FIELD CAPACITY

IRON

MAXIMUM PHOTOCHEMICAL FLUORESCENCE
POTENTIAL ACTIVITY OF PSII
PHOTOCHEMICAL EFFICIENCY OF PSII IN THE LIGHT
FRESH WEIGHT

GAMMA-AMINOBUTYRIC ACID

GALLIC ACID EQUIVALENTS

GLUTAMATE SYNTHASE

GLUTATHIONE REDUCTASE

GLUTAMINE SYNTHASE

STOMATAL CONDUCTANCE

HYDROGEN PEROXIDE

HIGH-AFFINITY TRANSPORT SYSTEMS
HYDROXYL RADICAL

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

HIGH PRESSURE SODIUM

XXVi

INDUCTIVELY COUPLED PLASMA-ATOMIC EMISSION SPECTROMETRY

POTASSIUM

LEAF AREA

LEAF AREA RATIO



FCUP [ xxvii
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

LATS LOW-AFFINITY TRANSPORT SYSTEMS
LP LIPID PEROXIDATION

LWC LEAF WEIGHT CONTENT

LWR LEAF WEIGHT RATIO

MDA MALONDIALDEHYDE

Mg MAGNESIUM

Mn MANGANESE

MRNA MESSENGER RNA

N NITROGEN

N+W NITROGEN AND WATER

Na,SiOs SODIUM SILICATE

NH4* AMMONIUM

NiR NITRITE REDUCTASE

NO:2 NITROGEN DIOXIDE

NO3s NITRATE

NPQ NONPHOTOCHEMICAL QUENCHING
NR NITRATE REDUCTASE

NRTs NITRATE TRANSPORTERS

NUE NITROGEN USE EFFICIENCY

NUE NITROGEN UTILIZATION EFFICIENCY
Oz SUPEROXIDE ANION

P PHOSPHORUS

PAL PHENYLALANINE AMMONIA-LYASE
PCA PRINCIPAL COMPONENT ANALYSIS
pH POTENTIAL OF HYDROGEN

PO43- PHOSPHATE



FCUP [ xxviii
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

POD PEROXIDASE
PPFD PHOTOSYNTHETIC PHOTON FLUX DENSITY
PPM PARTS PER MILLION

PSII PHOTOSYSTEM II

PFTE POLYTETRAFLUOROETHYLENE

QE QUERCETIN EQUIVALENTS

qP QUENCHING COEFFICIENT

QTL QUANTITATIVE TRAIT LOCI

RCB RuBisCO-CONTAINING BODIES

RNA RIBONUCLEIC ACID

ROS REACTIVE OXYGEN SPECIES

RT-gPCR REVERSE TRANSCRIPTION QUANTITATIVE REAL-TIME POLYMERASE
CHAIN REACTION

RuBisCO RIBULOSE BISPHOSPHATE CARBOXYLASE-OXYGENASE

S SULPHUR

S/R SHOOT-ROOT RATIO

SDGs SUSTAINABLE DEVELOPMENT GOALS
SEM STANDARD ERROR OF THE MEAN

Si SILICON

SLA SPECIFIC LEAF AREA

SO SULPHATE

SOD SUPEROXIDE DISMUTASE

SPAD SOIL PLANT ANALYSIS DEVELOPMENT
T/S TRICHOMES TO STOMATA RATIO
TMA TOTAL MONOMERIC ANTHOCYANINS

TPC TOTAL PHENOLIC CONTENT



TSS

uv

WUE

Zn

DPSII

FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

TOTAL SOLUBLE SOLIDS
ULTRAVIOLET

WATER

WATER USE EFFICIENCY
ZINC

QUANTUM EFFICIENCY OF PSIl PHOTOCHEMISTRY

XXiX



CHAPTER 1

General Introduction



FCUP | 2
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

Overview

The world's population is expected to grow to almost 9.5 billion by 2050 meaning
that the world food production needs to increase by 70% to feed the world population
by that time (Kyalo Willy et al., 2019; van Dijk et al., 2021). However, global climatic
change and reduced resource availability threaten our efforts to increase crop yields
(Fernandes et al., 2022). Agriculture uses large amounts of inputs, such as water and
nitrogen (N) fertilizers, following unsustainable practices that lead to resource depletion
and pollution (FAO, 2020a). This sector is by far the largest water user, accounting for
about 80% of global freshwater withdrawals (Elbehri, 2015). Additionally, N fertilizer
application is projected to increase even further (from 110 M t in 2014 to 236 M t by
2050) (Liang et al., 2019), as this nutrient plays a key role as a crop yield determinant.
Nonetheless, the excessive use of N fertilizers seriously impacts the environment
(eutrophication of freshwater ecosystems, acidification of agricultural soils, greenhouse
gas emissions) and human health (Wang et al., 2019a; Coskun et al., 2017b; Liu et al.,
2016). Therefore, a significant challenge in agricultural production systems is to increase
crop yield under suboptimal conditions.

Tomato (Solanum lycopersicum) is among the most cultivated vegetable crops
worldwide, but most commercial cultivars are sensitive to water and N deficit leading to
dramatic yield losses (Heuvelink et al., 2020). Consequently, research has been focused
on the development of tomato cultivars that are either N- or water-use efficient (NUE,
WUE). The focus has been on elucidating the complex biological processes (spanning
from gene expression to metabolite accumulation and phenotype translation) involved in
the response to either N or W deficit recently reviewed by Machado et al., 2022).
However, many essential plant traits depend simultaneously on N and water input
(Gonzalez-Dugo et al., 2010). Hence crosstalk likely exists between the biochemical and
molecular mechanisms that tomato plants use to perceive and respond to the
combination of N and water deficit. Recent studies revealed that the acclimation of
several plant species to a combination of different environmental stresses is unique and,
therefore, cannot be directly deduced from studying the response of plants obtained
when these stresses are applied individually (Pandey et al., 2015; Wu et al., 2022; Zhou
et al., 2019a; Zhou et al., 2017). Furthermore, under the current context of climate
change and environmental instability, crops often do not face single abiotic stresses but
rather a combination of several adverse growth conditions. Assessing opportunities for
more sustainable agricultural practices requires an understanding of the mechanisms
involved in plant responses to combined stresses. Still, most studies have focused on

tomato responses to single N or water deficit rather than on a combination of both.
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Besides understanding the basis of tomato response to combined N and water
deficit, finding sustainable strategies that enable tomato plants to cope with limited
resources and improve NUE and WUE is of utmost urgency. These strategies include
both biotechnological and agronomic approaches (recently reviewed by Fernandes et
al., 2022). Elicitors are hazard-free compounds capable of inducing defense responses
in plants against various abiotic stresses, playing a vital role in helping the plant to
mitigate stress-induced changes by modulating an array of processes at the cellular and
molecular levels. Among these elicitors, several studies have reported that silicon (Si
application to crops, including tomato, enhances their tolerance to drought (recently
reviewed by Thorne et al., 2020; Bokor et al., 2021; Malik et al., 2021; Wang et al., 2021;
Verma et al., 2022). However, only a few studies investigated the effect of Si in mitigating
N deficiency. Studies on Si application might be of importance also for plants grown
under the combined N and water deficit since Si can improve the uptake and
translocation of different nutrients in some crops (Ali et al., 2020; Minden et al., 2020;
Pavlovic et al., 2021). Additionally, plant breeding is a powerful tool to enhance crop
resilience to these abiotic stresses, as plants often exhibit genotypic plasticity to minimize
the adverse effects of harsh environments (Monforte, 2020). Moreover, so far, the old
tomato accessions represent an unexploited genetic resource, but it has been
highlighted that they may represent a valuable gene pool for tomato improvement
(Conesa et al.,, 2019; Roohanitaziani et al.,, 2020). Finally, research focused on
agronomical strategies for stress mitigation relies predominantly on studies on single
deficits. Thus, the benefits of applying these strategies to plants subjected to combined
N and water deficit remain poorly explored.

Aim and outline of the thesis

The knowledge gaps mentioned above led to the main goals of this thesis: 1) explore
the mechanisms involved in tomato responses to combined N and water (N+W) deficit
and compare these with the response to single N or W deficit and 2) explore sustainable
mitigation strategies that help tomato plants to better cope with these combined abiotic
deficits. Among the many existing tomato cultivars, the dwarf ‘Micro-Tom’ has become a
popular model system for tomato research (Shikata and Ezura, 2016), being the main
reason why we choose it for the current study. The specific goals of this thesis are to:

i) evaluate the morpho-physiological responses and primary metabolism of
young tomato plants subjected to combined N+W deficit

ii) unravel the antioxidant responses of young tomato plants grown under
combined N+W deficit

3
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iii) explore the effect of combined N+W deficit on young tomato plants regarding
anatomical traits, as well as on macronutrient accumulation and partitioning and
amino acids profile

iv) evaluate if silicon supplementation can be used as a strategy to help young

tomato plants cope with N deficit alone and/or when combined with W deficit

v) perform a phenotypic evaluation of 40 tomato genotypes grown under

combined N+W deficit.

The thesis aims are in line with the European Green Deal that fosters innovation
targeting a healthy and environmentally friendly food system and with the United Nations
Sustainable Development Goals (SDGs): SDG2 (Zero Hunger; particularly it's 2.4
milestone that aims to ‘ensure sustainable food production systems and implement
resilient agricultural practices that increase productivity and production, that help
maintain ecosystems, that strengthen capacity for adaptation to climate change) and
SDG12 (Ensure sustainable consumption and production patterns).

The present thesis is organized into four Chapters, including a total of seven sub-
chapters (Figure 1), each formatted as a scientific paper comprising an Abstract,
Introduction, Materials and methods, Results, Discussion, and Conclusions. Briefly,
Chapter 1 holds a General Introduction, followed by two in-depth literature reviews
focused on: drought and N stress effects and tolerance mechanisms in tomato (Chapter
1.1); and the role of silicon in mitigating drought and nutrient deficiency (Chapter 1.2).
In Chapter 2, the mechanisms involved in tomato responses to combined N+W deficit
and the differences with the application of these deficits individually on the model crop
‘Micro-Tom’ are assessed through: i) the evaluation of the morpho-physiological
responses and primary metabolism (Chapter 2.1), ii) the responses of the plant
antioxidant system (Chapter 2.2) and iii)) plant anatomical traits, macronutrients
accumulation and partitioning, and amino acids profile (Chapter 2.3). Chapter 3
explores two sustainable mitigation strategies with the potential of helping tomato plants
to better cope with the combined N+W deficit, namely: i) silicon application (Chapter
3.1); and ii) genotypic variability as a first step for breeding towards combined stress
tolerance (Chapter 3.2). The main achievements, limitations, and prospects of this Ph.D.
study are discussed in Chapter 4, which is followed by the bibliography used throughout
the entire document (Figure 1).
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Sub-chapter 1.1
Drought and nitrogen stress effects and tolerance mechanisms

in tomato: areview

The content of this sub-chapter is published as:

J. Machado, A.P.G. Fernandes, T.R. Fernandes, E. Heuvelink, M.W. Vasconcelos, S.M.P,
Carvalho. (2022). Drought and nitrogen stress effects and tolerance mechanisms in tomato: a
review. In Plant Nutrition and Food Security in the Era of Climate Change, Ed. Kumar, V.,
Srivastava, A.K., Suprasanna, P. United States: Elsevier. https://doi.org/10.1016/B978-0-12-
822916-3.00014-7 (Book Chapter)
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Drought and nitrogen stress effects and tolerance

mechanisms in tomato: a review

Abstract

Being two of the most impactful crop-yield determinants, water, and nitrogen (N)
greatly affect plant performance, spanning from genes through the whole-plant level.
Therefore, adequate water and N management is of utmost importance to face the global
societal challenge of sustainably feeding the increasing world population while facing the
constraints of climate change. Tomato is an emerging model system because of its
economic importance, large genotypic variation, and its recently completely sequenced
genome. Moreover, given that tomato plants have high water and N demands, this crop
is very attractive for studying plant responses and tolerance mechanisms to deficits in
these resources. This explains the huge amount of studies carried out on this topic in
recent decades, but so far that valuable information has not yet been reviewed. In this
chapter, we critically analyze the impact of drought and N deficiency on tomato at the
morphological, physiological, biochemical, and molecular levels. Further, the reported
tolerance mechanisms to drought and N deficit are outlined and the current knowledge
gaps are summarized. More studies exploring the key genes controlling tolerance in
tomato will be crucial to identify new important targets for breeding interventions, making

agriculture more productive and sustainable.

1. Introduction

In less than 30 years, humanity will face the challenge of having to feed 9.8
billion inhabitants, which requires a dramatic increase in global agriculture production.
The excessive use of water and nitrogen (N) fertilizers is unquestionably the most
negatively impactful practice in modern agriculture. Irrigated agriculture accounts for
80% of the total available freshwater, which is making this natural resource
increasingly scarce and of poor quality (Elbehri, 2015). N fertilization is a major limiting
factor determining crop yield (Liang et al., 2019). However, increased N fertilization
has serious impacts on human health and the environment due to the eutrophication
of freshwater ecosystems, acidification of agricultural soils, and emission of
greenhouse gases (Liang et al., 2019). Therefore, new efforts allowing sustainable
management of water and N fertilizers usage will be imperative for feeding the world’s

growing population.
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Despite the need for using fewer resources, it is important to take into account
that water and N deficits will significantly affect the crop physiology and yield.
Therefore, it is highly important to understand how plants perceive, are affected, and
respond to both stresses. Drought stress induces a wide range of physiological and
biochemical processes in plants such as stomatal regulation, photosynthetic rapid
reaction, and activation of the antioxidant defense system (Laxa et al., 2019; Osakabe
et al., 2014) and can reduce crop yields up to 70% (Siracusa et al., 2018). N is one of
the major components of proteins, nucleic acids, lipids, and some hormones in plants
thus having a direct effect on cell division and growth (Tian et al., 2011). Hence, N
stress symptoms result from impaired metabolism causing premature senescence and
decreased growth, and consequently reduced yields (Fageria and Baligar, 2005).

Tomato (Solanum lycopersicum) is the most important vegetable crop in the
world, both for fresh and processing markets, with approximately 182.2 million tons
produced on more than 5.7 million hectares (FAO, 2020b; Heuvelink et al., 2020). In
Europe, the total value of annual tomato production exceeds EUR 7.3 bhillion,
accounting for 21.1% of total fresh vegetables produced with the highest planted area
(10.8% of the European Union’s total fresh vegetables area) (Cicco, 2019). Moreover,
tomato is emerging as a model system because of its (1) economic importance, (2)
large genotypic variation, and (3) genome that has been recently completely
sequenced (Heuvelink et al., 2020). Tomato production requires high amounts of
water and N fertilizers, due to its long growing seasons and high greenhouse
temperatures, tomato is quite sensitive to water and N deficits (Du et al., 2018). An
adequate water supply is essential for vegetative and reproductive growth being
particularly important in flowering and fruit enlargement stages (Srinivasa Rao et al.,
2001). Similarly, a proper amount of N fertilizer during plant growth allows maximum
yield and economic benefits, because N is an essential macronutrient that can affect
several aspects of plant growth and metabolic pathways, including water relations and
photosynthesis (Du et al., 2018; Fageria and Baligar, 2005). To halt the excessive use
of water and N fertilizers worldwide for economic gains, it is imperative to improve
drought and N stress tolerance in tomato cultivars for sustainable and environmental-
friendly production. Knowledge of the morphophysiological, biochemical, and
molecular responses to drought and N stress is essential for a holistic perception of
plant tolerance mechanisms to water and N-limited conditions in higher plants.

In this chapter, we will review the effect of both drought and N stresses on the
morphological, physiological, biochemical, and molecular mechanisms in tomato

plants and identify potential knowledge gaps. The identification of the machinery
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related to water use efficiency and N use efficiency (WUE/NUE) will be crucial to
identify new key targets for breeding interventions to make agriculture more productive

and sustainable.

2. Tomato plant responses to drought stress

The mechanisms involved in response to drought stress and its effects on plants
have been reviewed often in the last decades (e.g., Chaves et al., 2003; Kapoor et al.,
2020; Nadeem et al., 2019; Sun et al., 2020b) and are synthesized in Figure 1. Drought
is one of the most relevant environmental stresses affecting plant metabolism at different
levels. Approximately one-third of agricultural land experiences an inadequate water
supply (Klunklin and Savage, 2017). Plants respond and adapt to drought through
important biochemical and physiological changes at the cellular and molecular levels
(Osakabe et al., 2014). Drought alters water relations that lead to the formation of
reactive oxygen species (ROS), reduced seed germination, impaired plant growth and
photosynthesis, and biomass and yield losses (Shao et al., 2008).

In the section below we review the impact of drought on the tomato crop at several
integration levels and we thoroughly explore the reported tolerance mechanisms to

drought.
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2.1. Impact on plant growth, yield, and fruit quality

2.1.1. Plant growth and development

Drought has effects on plant growth from the onset of seed germination.
Successful seed germination is crucial for seedling establishment and crop yield.
However, one of the initial effects of drought stress is poor or slow germination and
reduced seedling vigor and establishment (Bhatt and Srinivasa Rao, 1987; Esan et al.,
2018; Foolad et al., 2003; Pervez et al.,, 2009). Studies have demonstrated that the
extension growth of the radicles is affected by drought stress suggesting that the effect
on germination occurs prior to this process (Bhatt and Srinivasa Rao; 1987). Accordingly,
it was found that total recovery of germination (100%) can occur if non-germinated seeds
are displaced from this stressful condition (Esan et al., 2018). Drought stress can have
major impacts on subsequent plant growth and development due to the reduction of
water potential, relative water content, and turgor, which consequently increases the
concentration of solutes in the cytosol (Nonami, 1998). These changes impair both cell
elongation and expansion, leading to growth inhibition (Jaleel et al., 2009; Salehi-Lisar
et al., 2012). When plants are exposed to drought, the water pressure inside the leaves
decreases, leading to reduced carbon assimilation, imbalance of mineral nutrition, and
accumulation of abscisic acid (ABA), causing wilt and reduction of plant growth (Jaleel
et al., 2009; Salehi-Lisar et al., 2012).

The development of an optimal leaf area (LA) is of extreme importance for
photosynthesis and, consequently, for plant growth. Leaf expansion depends on the
turgor pressure and supply of assimilates. Drought stress limits leaf expansion by
disrupting water flow from the xylem to the elongating cells, reducing turgor pressure,
and impairing photosynthesis (Hsiao and Xu, 2000; Nonami, 1998). Accordingly, a
reduction of LA is one of the main traits affected by drought stress which limits crop
productivity (Sinclair and Muchow, 2001). Moreover, data suggest that the reduction of
specific leaf area (SLA) is likely a strategy to cope with drought stress. Thicker leaves
commonly have a higher content of chlorophyll and proteins per LA unit, thus having a
greater photosynthetic capability, and therefore a higher biomass production (Chatterjee
and Solankey, 2015). Pokluda et al. (2010) have shown that tomato plants respond to
drought stress by significantly decreasing SLA and leaf weight content (LWC). Other
parameters related to leaf growth, namely the number of leaves per plant, number of
branches per plant, total LA, SLA, LA ratio, leaf weight ratio, and LA index are
significantly affected by drought stress in tomato (Selim and El-Nady, 2011). In particular,
studies in three different tomato cultivars (‘Arvento’, ‘LA1994’, and ‘LA2093’) have

11
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demonstrated that drought stress significantly decreases the LA, leaf number, and leaf
angle, and increases the leaf temperature, leading to plant wilting (Zhou et al., 2017). Al
Hassan et al. (2015) also showed that for cherry tomato, drought stress impairs stem
growth and leaf number. Results from Kamanga also demonstrated that drought stress
resulted in significant reductions in shoot dry weight, LA, and shoot height of 14 different
commercial tomato cultivars (Kamanga, 2020).

In many agronomically important crops, drought stress is initially perceived by the
root system, which continues to grow underneath the soil even though shoot growth is
inhibited under these conditions (Spollen and Sharp, 1991). Although the growth of the
primary root is usually not severely affected by drought stress, the lateral roots growth is
significantly reduced mainly by suppression of the activation of the lateral root meristems
(Deak and Malamy, 2005; Du and Scheres, 2018; Franco et al., 2011; Koevoets et al.,
2016). Experiments in tomato plants have demonstrated that drought stress triggers a
decrease in lateral root number and density, and that elongation of the primary root axis
is favored over that of the lateral ones (Hooker and Thorpe, 1997). Further, Nuruddin
(2001) showed that tomato plants tend to develop a deeper root system at lower soil
water potentials. Interestingly, data on sandy soils have also demonstrated that drought
stress strongly induces the development of deeper roots (Alaoui et al., 2014). Besides
root architecture, root weight, length, and volume are also affected and are important
indicators of WUE (Senthilkumar et al., 2017). Water deficit leads to decreased root
hydraulic conductivity and long-lasting root anatomical changes, such as xylem elements
with smaller diameters and lower total root xylem area (Hernandez-Espinoza and
Barrios-Masias, 2020).

Although drought stress may decrease root elongation and LA expansion, these
two processes are not equally affected, as roots are less sensitive than shoots to growth
inhibition by low water potentials (Wu and Cosgrove, 2000). Thus increased root/shoot
ratio is a frequent trait observed in some tolerant tomato genotypes in response to
different drought conditions (Du et al., 2018; Manoj and Uday, 2007; Mingo et al., 2004;
Moles et al., 2018) as also shown by Nahar and Gretzmache (2011) in seven tomato
cultivars. However, an opposite pattern was observed on the economically relevant
cultivar ‘Moneymaker’ (Moles et al., 2018), suggesting that a reduced root/shoot ratio
can be part of an alternative strategy activated by certain cultivars to cope with drought
in which losses in biomass are compensated by the maintenance of the water status in
the tissues (Liu and Li, 2005).

As a consequence of the effect on root and shoot development, the plant growth

rate has been shown to be significantly impacted by drought stress. Different studies
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have reported a negative effect on the fresh and dry weight of leaves, stems, and roots,
and consequently in the total plant fresh and dry weight when tomato plants were
exposed to drought conditions (Al Hassan et al., 2015; Khan et al., 2015; Selim and El-
Nady, 2011; Sibomana et al., 2013; Zhou et al., 2019a). Changes in plant height, stem
diameter, and internode length were also reported for tomato plants under similar
conditions (Al Hassan et al., 2015; Sibomana et al., 2013; Zhou et al., 2017). In
conclusion, drought stress strongly impacts overall tomato plant growth and
developmental traits, beginning with germination and impacting traits related to LA, root

morphology, and biomass partitioning.

2.1.2. Yield and fruit quality

As a consequence of the impact on plant dry weight, drought affects crop
productivity, reducing 50% to 70% of crop yield worldwide (Siracusa et al., 2018). The
flowering and fruit development stages are the most sensitive to water deficits in tomato
(Chen et al., 2013; Khapte et al., 2019). A deficitary irrigation impacts flower number,
which consequently results in fewer fruits produced and/or in fruits with decreased size,
and ultimately to less marketable yield (Giardini et al., 1988). Further, drought during
seed development decreases seed yield by shortening the final seed-filling periods, thus
impacting yield (Pervez et al., 2009). Chen et al. (2013) showed that a reduction in
irrigation supply (one-third or two-thirds of full irrigation) at the seedling stage has no
negative significant influence on the yield and quality of tomato, which suggests that a
certain water saving can be achieved at the seedling stage. Similarly, Sivakumar and
Srividhya (2016) observed that moderate drought stress can be seen as a positive factor
since it speeds up flower initiation. Nevertheless, Hao et al. (2019) concluded that
compared with the seedling and flowering stages, the application of mild drought stress
while the fruit is expanding was considered to be the optimal period to provide
satisfactory fruit quality and yield while conserving water resources. On the opposite
side, fruit ripening showed to be a highly sensitive stage, and any heterogeneous
distribution of irrigation, even if temporary, may induce physiological disorders such as
fruit cracking (Srinivasa Rao et al., 2001) and blossom end rot (BER). The latter is a
frequent physiological disorder caused by the limited capacity of tomato plants to
internally translocate calcium toward fruits under drought conditions (Djangsou et al.,
2019; Millones-Chanamé et al., 2019; Tabatabaie et al., 2004).

Fresh fruit weight is an important quality feature of tomato that is cultivar-
dependent and also highly affected by drought (Wang et al., 2011). Madrid et al. (2009)

showed that the requirements of tomato fruit for photosynthesis assimilates and water
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are drastically increased during the fruit maturation stage, which greatly increases the
total water consumption. If the irrigation is reduced, the rate of water absorption will be
lower than that of crop transpiration, which induces an internal water deficit affecting
photosynthesis and resulting in reduced LA, cell size, and intercellular volume. Thus,
fruit water accumulation, and consequently fruit weight, are decreased (Madrid et al.,
2009). Sivakumar and Srividhya (2016) also observed that drought stress led to a
reduction of soluble protein content, sucrose phosphate synthase (involved in sucrose
biosynthesis) activity, fruit volume, diameter, yield, and an increased flower abscission
percentage. Nevertheless, water management methods, such as irrigation deficit, in
which plants are irrigated with smaller amounts of water during the cultivation period,
have been proposed as efficient tools to reduce stomatal conductance without signs of
drought stress (Cosi¢ et al., 2015), while potentially improving fruit quality.

The use of irrigation deficit was recently reviewed by Khapte et al. (2019) and it
can apparently benefit tomato fruit quality by increasing the level of total soluble solids
(sugars, amino acids, and organic acids) while avoiding the negative impact on yield. In
the case of tomato, higher levels of lycopene, carotenoids, and total soluble solids
content (TSS) are desired traits. A rise in TSS increases the value of fresh fruits and
improves their quality by affecting flavor, taste, and water content (Klunklin and Savage,
2017). Irrigation deficit also promotes the ripeness rate in tomato and increases fruit
color, as demonstrated by Wang et al. (2011). The authors related this phenomenon to
an increase in ethylene content, which in turn increases carotenoid concentration. Qi et
al. (2003) demonstrated that water deficit during fruit maturation increases the activity of
sucrose synthase and sucrose phosphate synthase, thus enlarging the gradient of
sucrose concentration between leaves and fruits. Consequently, this potentiates the
transport of more assimilates into the fruits, increasing the rate and amount of fructose
and glucose transformation from sucrose, thus improving fruit TSS (Kan, 2008; Klunklin
and Savage, 2017). Nangare et al. (2016) also observed improved fruit quality
parameters like firmness, TSS, lycopene, ascorbic acid, acidity, and color with only a
marginal decrease in fruit shape and size, under 60% ETc (evapotranspiration). Patane
et al. (2011) also reported an improvement in the content of TSS, vitamin C, and acidity
in tomato fruits under 80% of ETc without significant losses on marketable vyield.
Significant increases in TSS and lycopene were also observed in drought-stressed
tomatoes (Sivakumar and Srividhya, 2016). Additionally, improvement in soluble sugars,
vitamin C content, firmness (Hao et al.,, 2019), and lycopene content seem to be
positively affected by deficit irrigation (Nangare et al., 2016; Patané et al., 2011;
Sivakumar and Srividhya, 2016; Takacs et al., 2020). Takacs et al. (2020) compared
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three different water supply levels (100%, 75%, and 50% of ETc) and concluded that,
although 100% of ETc produced the best marketable yield, 75% ETc increased lycopene
content, which could compensate for the lower marketable yield. However, results are
sometimes inconsistent (Khapte et al., 2019), and as such this strategy must be further
explored to better understand its potential interactions with other growing conditions.

Barbagallo et al. (2012) investigated the vyield, chemical composition, and
sensorial quality of processing tomato cultivar ‘Brigade’ grown in the field without
irrigation, after plant establishment, in comparison with those fully irrigated (100% ETc),
and concluded that although regular irrigation is important throughout the growing
season to achieve satisfactory yields, under drought stress conditions there is an
increase in antioxidant activity due to a rise in ascorbic acid and total phenolic contents
and a decline in polyphenol oxidase (PPO) activity, thus improving the nutraceutical
quality of the product. Djurovi¢ et al. (2016) also observed that 50% of ETc increased
the organic acid and antioxidant content of tomatoes.

In both the fresh and processing tomato markets, the improvement of
organoleptic and functional quality together with the reduction of the impact of agriculture
on the environment are of major relevance. The abovementioned studies suggest that
the management of drought stress by applying water-saving irrigation strategies at the
right moments might improve the quality and nutritional properties of tomato. Thus, an
optimization of deficit-irrigation techniques, possibly combined with other sustainable
agronomical practices (e.g., grafting, elicitors, biostimulants, and other growth-promoting
substances) that have demonstrated an improvement of plant responses to drought

stress conditions, is of utmost importance.

2.2. Physiological and biochemical mechanisms underlying drought stress

and tolerance

2.2.1. Photosynthesis and stomatal behavior

Photosynthesis is a key metabolic pathway responsible for growth and
development, thus playing a central role in plant performance (Lawlor and Tezara, 2009;
Pinheiro and Chaves, 2011). The effects of drought stress on photosynthesis have
already been extensively reviewed (Chaves et al., 2009; Flexas et al., 2012; Pinheiro
and Chaves, 2011; Zargar et al., 2017). Decreased transpiration rate, CO, assimilation
rate, stomatal conductance, and net photosynthesis were all reported under drought
stress (Raja et al., 2020). The reduced photosynthetic rate seems to be mainly caused
by stomatal closure (as a short-term response), metabolic impairments of the

photosynthetic machinery (as a long-term response), or both (Tezara et al., 1999).
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Recently, Liang et al. (2020) showed that the response of photosynthesis to drought
stress transits from stomatal limitation to nonstomatal limitation, as the stress severity
increases.

Adaptation of plants to long-term drought stress leads to adjustments in some
leaf anatomical characteristics (Franks and Beerling, 2009; Galmés et al., 2013). For
instance, stomatal size often decreases to allow a faster response to excessive water
losses and to enhance WUE (Franks and Beerling, 2009). Results have demonstrated
that the higher tolerance of ‘Ramellet’, a tomato landrace adapted to summer drought
conditions in the Mediterranean region, is a consequence of a lower leaf mesophyll
conductance to CO,, and stomata conductance (Galmés et al., 2011). Galmés et al.
(2013) have demonstrated that approximately 90% of the impairment in photosynthesis
was caused by diffusion limitations to CO- transport from the atmosphere to the sites of
carboxylation. By contrast, the biochemical limitations to CO; assimilation (RuBisCO
activity) seem to be a minor component of photosynthesis limitation (Flexas et al., 2006;
Galmés et al., 2011; Galmés et al., 2013; Parry et al., 2002). Nevertheless, accessions
with higher concentrations of RuBisCO-activated sites have higher rates of CO;
assimilation (Galmés et al., 2011; Galmés et al., 2013). Drought-adapted tomato plants
present optimal distribution, density, size, and area index of chloroplasts, which could
influence leaf gas exchange and be partially responsible for the improved WUE (Galmés
etal., 2011; Galmés et al., 2013).

Research has shown that there is considerable variation among tomato
accessions regarding another key leaf structural and anatomical traits associated with
mesophyll conductance (Galmés et al., 2013). Thick leaves with denser cuticles and cell
walls also reduce leaf water loss and improve tolerance to drought stress (Galmés et al.,
2011; Kamanga, 2020). A major role for trichomes in gas exchange and the
determination of WUE was also established (Kamanga, 2020). The ratio of trichomes to
stomata (T/S) seems to have a positive relationship with WUE, suggesting that this trait
could be used to develop and screen drought-tolerant varieties (Galdon-Armero et al.,
2018).

Drought stress also impairs photosynthesis by damaging the chloroplasts and by
inactivating the electron transfer reaction, which can potentially reduce the amount of
available oxygen, resulting in the production of ROS that can lead to serious photo-
oxidative damages (Lawlor and Cornic, 2002). Chlorophyll fluorescence parameters
(FJWF, and FJ/Fn), the efficiency of excitation transfer (Fv/ Fn), the instantaneous
guantum vyield of photosystem Il (®PSII), electron transport rate (ETR) of ®PSII, and

photochemical quenching coefficient (qP), as well as light harvesting efficiency,
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photochemical conversion, and photosynthetic electron transport (Pervez et al., 2009;
Zhang et al., 2018) are all negatively affected by drought.

Oppositely, nonphotochemical quenching (NPQ) is increased in tomato exposed
to drought (Raja et al., 2020; Yuan et al., 2016). Interestingly, Liang et al. (2020) found
that the NPQ increase is transient suggesting that tomato leaves dissipate the excess of
excitation energy by heat dissipation under mild drought stress. The authors suggested
that as drought stress increases, heat dissipation capacity is reduced and PSIl is
damaged (Liang et al., 2020).

Besides the photosynthesis reduction, drought also leads to a deterioration of the
thylakoid membranes, which causes substantial damage to photosynthetic pigments that
control the absorption of energy (chlorophyll) and dissipate excess energy (carotenoids)
(Baguedano and Castillo, 2006; Raja et al., 2020; Sivakumar et al., 2018; Tamburino et
al., 2017). However, in the majority of cases, carotenoids are known to be less sensitive
to drought stress than chlorophyll, which has been demonstrated for several crops
(Salehi- Lisar et al., 2012).

2.2.2. Water relations and osmotic adjustment

Osmotic adjustment and cellular-compatible solute accumulation are widely
recognized as key mechanisms to tolerate drought, as the increased solute
concentration helps to maintain water potential gradients required to ensure continued
uptake of water under these conditions (Chen and Jiang, 2010; Wani et al., 2013). In
tomato, several studies have reported a significant increase in the accumulation of
organic solutes such as glucose, fructose, sucrose, and proline, during drought stress
(Hayat et al., 2008; Nahar and Ullah, 2017; Nahar and Ullah, 2018; Nahar et al., 2011;
Raja et al., 2020; Tapia et al., 2016), which are cultivar-dependent (Moles et al., 2018;
Montesinos-Pereira et al., 2014; Tapia et al., 2016). Although the increase in particular
solutes is not directly related to tolerance/sensitivity to drought stress, some studies
appear to demonstrate the relevance of this process (Montesinos-Pereira et al., 2014;
Patané et al., 2016; Sanchez-Rodriguez et al., 2010a,b). Polyamine synthesis and
accumulation, for example, as a result of proline degradation, was higher in moderate
drought-tolerant cherry tomato cultivar ‘Zarina’, than in ‘Josefina’, which is a more
sensitive cultivar (Sanchez-Rodriguez et al., 2010a,b).

Although previous results on solute accumulation point to interesting
mechanisms that might contribute to a higher WUE, more studies are required to better

clarify these processes.
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2.2.3. Oxidative stress and scavenging system

Drought induces oxidative stress and increases the production of ROS, including
antioxidant substrates and antioxidant enzymes (Sanchez-Rodriguez et al., 2010a,b,
Zhou et al., 2019b), being the ability of plants to control oxidant levels highly correlated
with stress tolerance (Laxa et al., 2019).

Importantly, ROS play a dual role in plant metabolism during abiotic stress. Under
high concentrations, they function as a toxic byproduct while under low concentrations
they function as a signal transduction molecule triggering stress response. The major
source of ROS in plants is the chloroplast, where stress-induced changes in the redox
status of electron transport lead to the formation of singlet oxygen (*O), hydrogen
peroxide (H20,), superoxide anion (O2), and hydroxyl radical (HO"). They can directly
act on membrane lipids, inactivate metabolic enzymes, and damage nucleic acids,
leading to cell death (Laxa et al., 2019; Mittler et al., 2011). The effects of drought stress
on increased malondialdehyde (MDA, related to lipid peroxidation) content in tomato
plants have been reported, indicating that the balance of the antioxidant enzymatic
system is disrupted, resulting in ROS accumulation and increased lipid peroxidation,
causing membrane damage (Liang et al., 2020; Raja et al., 2020; Zhou et al., 2019b).
Yuan et al. (2016) have shown that this increase occurs at all developmental stages in
tomato.

Among the ROS, H>O, works as an oxidative burst signal due to its high
permeability across the membranes and relatively long half-life (Mittler et al., 2011). In
tomato, the activity of superoxide dismutase (SOD), a ubiquitous antioxidant enzyme
that catalytically converts Oz to H.O,, gradually increased in 14 different cultivars
exposed to drought stress (Aghaie et al., 2018; Hayat et al., 2008; Liang et al., 2020;
Raja et al., 2020; Yuan et al., 2016; Zhou et al., 2019b). Besides SOD, the activity of
peroxidase (POD) and catalase (CAT) also increases in tomato under prolonged
drought. However, the activity of these enzymes sharply drops at the maturity stage
(Yuan et al., 2016). As drought stress becomes more severe, the activities of SOD, POD,
and CAT start decreasing (Liang et al., 2020).

The activities of glutathione reductase (GR) and ascorbate peroxidase (APX)
increase in drought-stressed tomatoes. Oppositely, the activity of the dehydroascorbate
reductase (DHAR), monodehydroascorbate reductase (MDHAR), PPO, and GPX
(glutathione peroxidase) decline under drought stress (Raja et al., 2020; Sanchez-
Rodriguez et al., 2011a). Thipyapong et al. (2004) proposed that a decrease in PPO
lowers H>O. concentration, which could improve tomato tolerance against drought.

Séanchez-Rodriguez et al. (2011b) demonstrated that tomato cultivar ‘Zarina’ increased
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the synthesis of phenylpropanoids and flavonoids, suggesting that polyphenols play a
significant physiological role in drought-stress tolerance in tomato.

Little is known about these responses in fruits subjected to drought. Murshed et
al. (2013), while analyzing the fruits, found a relationship between drought and oxidative
stress, with changes in ROS-scavenging enzymes (increase in SOD, CAT, and APX
activity) and oxidative stress biomarkers (increase in H,O, and MDA). Regarding the
enzymes from the ascorbate- glutathione cycle, the degree to which the AsA and DHA
concentrations changed under drought stress was extremely variable among different
drought stress treatments and different fruit development stages (Murshed et al., 2013).

In sum, drought stress leads to an increased production of ROS in tomato
affecting proteins, lipids, and DNA (leaves and fruits), which ultimately compromises
drought responses. Increased content of polyphenols in drought-tolerant cultivars
appears to indicate that the antioxidant system can be a useful tool for breeding

programs.

2.2.4. Nutrient uptake

Drought stress affects plant mineral nutrition, not only by decreasing nutrient
uptake at the root level but also the mineral translocation to the shoots due to lower
transpiration rate and membrane permeability (Rouphael et al., 2012).

Under drought conditions, N uptake diminishes (reviewed by Gonzalez- Dugo et
al., 2010). Interestingly, tolerant cultivars seem to present increased amounts of N as
compared to sensitive ones, which intensifies the synthesis of amino acids and proteins
(Sanchez-Rodriguez et al., 2011a). Sanchez- Rodriguez et al. (2010b) found lower N
uptake and accumulation under water deficit in four sensitive cherry tomato cultivars.
However, in the tolerant cultivar ‘Zarina’, an increase was found, suggesting a cultivar
dependency for this trait. The authors suggested that these mechanisms in the cultivar
‘Zarina’ are essential for drought-stress tolerance, by acting on N metabolism as well as
by helping to maintain or augment biomass. Additionally, Sanchez-Rodriguez et al.
(2011a) reported that moderate water deficit also decreased the NO; content in sensitive
cultivars, as well as nitrate reductase (NR) activity. The decrease in tomato NR activity
was previously reported by Hayat et al. (2008) and may be considered a biochemical
adaptation to conserve energy by halting nitrate assimilation. Similar results were found
for other macronutrients (P, K, Ca, Mg, S) and micronutrients (Fe, Cu, Mn, Zn, Cl, B),
where lower concentrations were found in sensitive cultivars. Oppositely, the cultivar

‘Zarina’ showed increased concentrations and uptake of N, P, Mg, K, Fe, and CI.
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Genotypic variability in nutrient uptake suggests that these different responses against
drought might play an important role in drought-stress tolerance.

In short, although itis clear that drought stress hampers mineral uptake in tomato,
more research should be done regarding the mechanisms involved, as the imbalances
in nutrients ultimately have serious effects on various growth and developmental

processes.

2.3. Molecular mechanisms underlying drought tolerance

Water deficit imposes selective pressure on the evolution of plant morphology
and physiology. Breeding for drought-tolerant crops is a pressing issue due to the
increasing frequency and duration of droughts caused by climate change. The activation
of molecular pathways modulates the expression level of specific genes responsible for
the accumulation of various osmolytes, improvement of the antioxidant system, reduction
of transpiration, inhibition of shoot growth, and decrease of tillering, including hormonal
regulation (Foolad, 2007; Joshi et al., 2016). Although ABA is reported to be abundant
under drought conditions, inducing the expression of various stress-related genes, it has
been shown that drought-inducible gene expression is also headed by ABA-independent
regulatory systems (Joshi et al., 2016).

The genetic determinants of tomato response to drought are still poorly
understood. Many quantitative trait loci (QTL) have been identified (Fooland et al., 2003;
Gur and Zamir, 2004). However, the genomic regions covered by the QTL usually cover
many genes, limiting the understanding of those involved in drought tolerance. Foolad et
al. (2003) identified four drought-tolerant QTLs highly relevant for seed germination
under drought stress, while Gur and Zamir (2004) reported three QTLs regulating
increased yield under drought conditions. More recently, high-throughput analysis has
identified thousands of genes whose expression is altered by drought stress (Candar-
Cakir et al., 2016; lovieno et al., 2016; Liu et al., 2017; Liu et al., 2018), but few studies
have deeply analyzed the relevance of downregulated or upregulated genes on tomato
drought-stress tolerance improvement (summarized in Table 1).

After a long and high-pressure selection process, mostly based on yield traits,
modern tomato cultivars have a very narrow genetic basis, and the vast majority are now
drought-stress sensitive (Shirasawa et al., 2010). However, elite genes for stress
tolerance appear to be well conserved in some wild tomato species, as Solanum pennellii
and accessions from this species show high levels of drought tolerance (Bolger et al.,
2014). A model of the different processes and genes involved in the S. pennellii drought

tolerance response was proposed by Egea et al. (2018). Several genes linked to different
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physiological and metabolic processes have been identified, especially those involved in
N assimilation, GOGAT/GS cycle, and GABA shunt. Upregulation of genes linked to
jasmonic acid/ethylene (JA/ET) biosynthesis was also observed under drought stress in
drought-tolerant species. Gong et al. (2010) studied the gene expression of two drought-
tolerant introgression lines of S. pennellii, and one drought-sensitive cultivar (S.
lycopersicum cultivar ‘M82’) showing that the drought-tolerant lines induced around 400
drought-responsive genes encoding for transcription factors and signaling proteins
involved in the cell-wall structure, wax biosynthesis, and plant height. Key signaling
molecular pathways regulating gluconeogenesis, purine and pyrimidine nucleotide
biosynthesis, tryptophan degradation, starch degradation, methionine biosynthesis, and
the removal of superoxide radicals were also specifically affected by drought stress,
showing that tomato plants can adapt to drought conditions through decreasing energy
dissipation, increasing ATP energy provision, and reducing oxidative damage (Gong et
al., 2010). Also, genome-wide studies have identified genetic variation in fruit quality
components upon drought stress (Albert et al., 2016). The authors proposed 41 putative
candidate genes under three constitutive QTLs and 15 interactive or specific QTLs as
being implicated in drought stress response in tomato. Regarding the interactive and
specific QTLs, genes related to protein protection (chaperone and heat/cold shock
proteins), water and solute transport (aquaporins and other transporters), sugar
metabolism (sucrose phosphate synthase and invertases), and hormonal signaling
(auxin, gibberellin, and ethylene) were identified (Albert et al., 2016). However, improved
genetic tools for the construction of knockout mutants on tomato are needed to validate
the relevance of such genes on overall drought stress response. Therefore, further
studies to establish genetic determinants of drought stress tolerance in tomato are of
utmost importance to globally understand the complex regulatory network(s) controlling

this process.



Table 1 - Summary of genes in which overexpression has been associated with improved tolerance to drought stress in tomato.

Gene name Encoded protein

Protein function on drought tolerance

Reference

Abscisic acid-
insensitive 5 like
protein

-overexpressing transgenic tomato plants showed increased tolerance to drought
stress as assessed by physiological responses such as higher relative water content and
chlorophyll fluorescence and lower damage by lipoperoxidation.

Involved in ABA signals and in the up-regulation of genes encoding oxidative stress-related
proteins, lipid transfer proteins (LTPs), transcription regulators and late embryogenesis
abundant proteins.

Orellana et al., 2010

Probable calcium-
binding protein CML44

Transgenic plants overexpressing gene showed increased germination and better
seedling growth, as well as higher antioxidant enzymes activity, gas exchange and water
retention capacity and lower MDA accumulation and membrane damage.

Greater stress tolerance of transgenic plants was further reflected by the up-/down-regulation
of stress-related genes including SOD, GST, CAT, POD, LOX, PR and ERD.

Munir et al., 2016

Ethylene-responsive
transcription factor 5

Increased tolerance to drought as well as the levels of relative water content.

Pan et al., 2012

Heat stress
transcription factor A-
la

Silencing leads to hypersensitive response to drought stress with increased reduction
of the stomatal aperture, increased level of ubiquitinated proteins, and compromised
authophagosome formation.

Overexpression of increases plant drought tolerance, in a mechanism independent of
the phytohormone ABA.
HsfAla acts as a positive regulator of the expression of the autophagy genes and

Wang et al., 2015

Transcription factor
JUNGBRUNNEN 1

knockout plants showed increased ion leakage and H20: levels and decreased
expression of various drought-responsive genes.
Overexpression of leads to activation of and of the stress-related genes
and , responsible for decreasing ROS levels, increasing thereby drought
tolerance.

Thirumalaikumar et al.,
2018




Mitogen Activated
Protein Kinases

MIXTA-like MYB
transcription factor

Mapk1, Mapk2, and Mapk3 play a crucial role in enhancing tomato plants’ drought tolerance
by influencing stomatal activity and H202 production via the ABA-H-0O: pathway.

The knockout mutants exhibit severe wilting symptoms, higher H202 content, lower
antioxidant enzymes activity, and severe membrane damages under drought stress. The

knockout was shown to lead to up- or down-regulation of drought stress-responsive
genes including SILOX, SIGST, and SIDREB, suggesting that is involved in drought
response in tomato plants by protecting cell membranes from oxidative damage and
modulating transcription of stress-related genes.

Lietal., 2013

Wang et al., 2017

Transgenic plants overexpressing showed an increased photosynthetic activity as well
as content of chlorophyll, proline, and sugars under drought stress.

Muhammad et al., 2019

Substantially increases drought tolerance, by inducing trichome formation and cuticle
deposition.

Improved fruit quality due to higher accumulation of carotenoids (including lycopene, b-
carotene, phytoene and lutein), and upregulation of , , , and that
encode key carotenoid biosynthesis genes.

Ewas et al., 2016

= Increased tolerance to drought stress.
Regulatory protein = knockout plants showed severe oxidative damage and cell membrane damage and ]
NPR1 down-regulation activity of antioxidant enzymes (APX, CAT, POD, and SOD). Down-regulated Lietal., 2019a
expression of drought related key genes, including GST, , and
Aquaporins
(Plasma membrane = Overexpress_ion of , and resulted in better water status and survival Li et al., 2016
L . rates than wild type plants
intrinsic proteins)
= Significantly improved the accumulation of chlorophyll and proline and limited the MDA
Lietal., 2018
content.
= Upregulation of several ion transporter genes, abiotic-related transcriptional factors, and )
reactive oxygen species-scavenging genes in overexpression lines. Lietal., 2019b
= Significantly improved the accumulation of chlorophyll and proline and limited the MDA Lietal., 2018

content.

Li et al., 2019a




Upregulation of several ion transporter genes, abiotic-related transcriptional factors, and
reactive oxygen species-scavenging genes in overexpression lines.

Ethylene-responsive
transcription factor
WIN1

Overexpression of showed mild growth retardation phenotype with shiny and dark green
leaves. SHN1 was shown to modulate wax accumulation, as demonstrated by higher cuticular
wax deposition on leaf epidermal tissue and the induction of several wax-related synthesis
genes.

Al-Abdallat, et al., 2014

WRKY transcription
factor 8

Alleviated wilting or chlorosis phenotype, with higher levels of stress-induced osmotic

substances like proline and higher transcript levels of the stress-responsive genes ,
and .

Smaller stomatal aperture, maintaining higher water content in leaves and reduced H-O> and

MDA which was then followed by higher levels of antioxidant enzyme activities under stress.

Gao et al., 2020

ZIP1 Basic leucine zipper 1

ZIP1 exerts an essential role in salt and drought stress tolerance by modulating an ABA-
mediated pathway.

Silencing of resulted in reduced expression of multiple ABA biosynthesis- and signal
transduction-related genes in transgenic plants, as demonstrated by decreased ABA,
chlorophyll contents and CAT activity, and increased MDA content.

Zhu et al., 2018
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3. Tomato plant responses to nitrogen stress

Tomato plants have high demands for fertilizers and are quite sensitive to N
deficits (Du et al., 2018; Scholberg et al., 2000). Several reports have indicated that
open-field grown tomato plants require high amounts of N, ranging from 100 to 574 kg/ha
(with levels oftentimes higher than when grown in greenhouse conditions), which can be
affected by different environmental and management factors, one of them being the N
form supplied (Du et al., 2018; Siddiqi et al., 2002). Nitrate (NO3) and ammonium (NH4")
are the most common forms of N supply in agriculture which have different uptake
mechanisms and impacts on plant physiological and biochemical processes (Guo et al.,
2007). It is commonly accepted that tomato plants have a better performance on NO3
or on a mix of NOs" and NH4*, than with NH4* supply (Siddiqi et al., 2002).

The precise N fertilization that should be supplied in soil production systems is
difficult to quantify particularly in open-field because part of these fertilizers can be lost
through leaching (depending on soil type and rainfall) and denitrification. Consequently,
it is difficult to adjust the exact N fertilizer supply to the plant demand, often making N
availability vary from the N- deficient state to the N-excess state, depending on the
agricultural practices (Jangam and Raghuram, 2015). While an excess of N can lead to
damaging effects on the environment and human health, plants under N-deficit
conditions can also have their growth, development, and yield compromised (Jangam
and Raghuram, 2015; Okunlola et al., 2015). Therefore, new sustainable agricultural
practices and strategies to improve NUE are needed (Anjana and Igbal, 2007).
Understanding the molecular, biochemical, and physiological changes occurring in
tomato upon N deficiency will be a step forward for NUE improvement. In the following
section, we analyze how N stress affects tomato plants, and we summarize the existing
morphological and molecular traits conferring a higher NUE (Figure 2).



Figure 2 - Schematic overview of the morphological, physiological, biochemical, and molecular processes occurring at specific tomato plant organs or the whole-plant level in response to nitrogen

deficiency.
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3.1. Impact of nitrogen on plant growth, yield, and fruit quality

3.1.1. Plant growth

N encourages vegetative growth and it is a key element for plant growth,
constituting the majority of plant dry matter, along with carbon (C) (Cohen et al., 2019;
Nawaz et al., 2012). Several studies have demonstrated that while N availability favors
tomato growth, N deficiency strongly disturbs plant development (Luna et al., 2014;
Nawaz et al., 2012; Okunlola et al., 2015; Scholberg et al., 2000; Tei et al., 2002). The
effect of N deficiency on tomato plants is described by different mechanisms. First, N
and carbohydrates are required for protein synthesis; therefore the availability of N
promotes plant growth by increasing protein synthesis. On the other hand, when the N
supply is insufficient, an excess of carbohydrate deposits in vegetative cells affects apical
growth (Okunlola et al., 2015). Secondly, N availability influences auxin levels at the
shoot apical meristem, affecting all aerial plant parts (Vernoux et al., 2010). As changes
in root, architecture help plants to cope with N deficiency by improving NUE, there is
often a relocation of auxin from shoots to roots in plants under N stress for lateral root
growth, decreasing the amount of auxin found on the apical meristem, and consequently
affecting the shoot development (Kiba et al., 2011; Rajagopal and Rao, 1974). Chapin
et al. (1988) reported that in tomato plants growing in hydroponic conditions, the shoot
water content does not decline with N stress and authors have pointed out that reduced
growth may involve a “root signal” that is able to induce the synthesis of ABA in leaves
leading to reduced cell-wall extensibility. Finally, N supply influences photosynthetic
activity (De Groot et al., 2003; Guidi et al., 1997; Tei et al., 2002). This effect is mainly a
consequence of the high number of N-rich substances used during this process, which
can lead to even greater deposition of carbohydrates on vegetative cell walls (De Groot
et al., 2003; Okunlola et al., 2015). An in-depth analysis of the effect of N stress on
photosynthesis is given in Section 3.2.1 of this sub-chapter.

The duration and intensity of the N stress influence the severity of growth
impairment. For instance, tomato seedlings under N deficiency (one-eighth of optimum
N) or N starvation conditions for 20, 30, and 40 days after sowing, showed that at 20
days only minor growth changes were detected among treatments. However, at 40 days
control plants had almost four times the height of plants subjected to N starvation and
more than double the height of plants subjected to N deficiency (Rajagopal and Rao,
1974).

The impact of N deficiency is also dependent on the plant’s development stage.
In tomato, N deficiency does not seem to impact the reproductive system as optimum N

or 1/3 N supply did not directly influence truss development and number (Suniaga
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Quijada et al., 1992). Authors found that at the reproductive stage, under N deficiency
the priority destination of assimilates is the reproductive organs, followed by roots, and
finally the shoot vegetative system. In agreement with these findings, Guidi et al. (1997)
reported a reduction of root dry mass when N deficiency was employed at the
reproductive stage but not at the vegetative stage.

As mentioned above, the impact of N stress on plant growth is highly dependent
on the form of N supply. Tomato plants are very prone to NH4* toxicity when it is the sole
source of N (Gerendas and Sattelmacher, 1990; Siddigi et al., 2002). NH4* supply can
cause acidification of the root zone, constricting root growth, leading to cation imbalances
(especially Ca, K, and Mg), uncoupling of chloroplastic electron transport from
photophosphorylation, and reducing LA (Guo et al., 2007; ten Hoopen et al., 2010;
Siddigi et al., 2002). A 67% vegetative growth reduction was reported on tomato supplied
exclusively with NH4* when compared to a mixture of NOs™ and NH4* (Siddiqgi et al.,
2002). In fact, supplying NH4* at levels above 0.10 of the total N restricts stem and leaf
fresh and dry weight, as well as yield, being progressively more severe as the NH.*
supply fraction is increased (Akl et al., 2003).

NUE depends on two main steps, that is, how efficiently plants uptake N from the
soil (uptake efficiency) and how plants can use the N more efficiently (utilization
efficiency) (Garnett et al., 2009). Root morphology is highly affected by soil N availability,
particularly with the NOs~ form (Gruber et al., 2013; Kant et al., 2011). Generally, low N
availability decreases tomato root growth and suppresses lateral root initiation (Guidi et
al., 1997; Kant et al., 2011). Root architecture has been pointed out as a crucial breeding
trait to improve NUE and reduce N fertilizer losses (Garnett et al., 2009). Accordingly,
some tolerant cultivars display more vigorous roots than sensitive ones, implying an
association between root development and NUE (Fan et al., 2010; Liu et al., 2009). On
tomato, two cultivars with contrasting NUE, ‘Regina Ostuni’ (‘RQO’) (higher) and ‘UC82’
(lower), were identified and characterized (Abenavoli et al., 2016). Root length and
fineness were significantly higher in ‘RO’ compared to ‘UC82’, regardless of NOs™ supply
dose. Thinner roots are related to higher root-soil surface, increasing uptake efficiency
(Goss et al., 1993).

3.1.2. Yield and fruit quality

Crop yield and fruit quality are closely related to N availability. Several studies
have reported that fruit yield is favored by a wide range of N fertilization rates, ranging
from around 100 kg N/ha (Féatima et al., 2012) up to 600 kg N/ha (Montagu and Goh,
1990). These differences are dependent on the developmental stage, cultivar, N source,
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and environmental conditions (Benard et al., 2009; Elia and Conversa, 2012; Warner et
al., 2004). Excessive N fertilization can also lead to the remobilization of N from
reproductive organs to the leaves and favors vegetative growth to the detriment of fruit
growth, resulting in lower yields (Hernandez et al., 2020; Scholberg et al., 2000). Elia
and Conversa (2012) showed that increasing N fertilization from 0 to 200 kg N/ha
increased fruit yield by 28.1% whereas from 0 to 300 kg N/ha only increased 23.3%.
Similarly, Du et al. (2017) concluded that 250 kg N/ha increased yields by 4.8%
compared to 350 kg N/ha N fertilization, reinforcing that excessive N fertilization can
have detrimental effects on tomato yield. Recently, a study by Du et al. (2019) showed
that aerated fertigation, an innovative method, promoted N uptake and improved the yield
of tomato plants grown in soil under protected cultivation even when N application was
low.

Itis important to mention that higher yield does not necessarily lead to higher fruit
quality, because it often leads to a decline of the organoleptic quality traits, as a result of
a decrease in sugars or organic acids content (Benard et al., 2009; Hernandez et al.,
2020). For instance, Wang et al. (2007) reported enhanced titratable acidity and soluble
sugars in cherry tomato (Lycopersicon esculentum var. cerasiforme) with higher N
supplies, while maximum yields were found at lower N levels. Conversely, Benard et al.
(2009) concluded that increasing N from 4 to 12 mM produced higher yields but reduced
soluble sugars.

The impact of N on the synthesis of bioactive compounds with antioxidant
capacity (vitamin C, phenolics, and carotenoids) is an emerging area (Benard et al.,
2009; Hernandez et al., 2020), due to the high content of these antioxidants, tomato
exhibits antimicrobial, anti-inflammatory, anti-allergic, and antimutagenic properties
(Hernandez et al., 2020; Tavallali et al., 2018). Interestingly, data have pointed out that
N availability directly affects vitamin C and phenolics compounds in fruits (Behard et
al.,2009; Hernandez et al., 2020). However, the effect of N on carotenoid accumulation
appears to be more ambiguous. While high N dosages appear to favor carotenoid
accumulation in the fruit, nonsignificant changes in lycopene and 3-carotene content
were observed when the N supply was reduced (Benard et al., 2009; Poiroux- Gonord
etal., 2010). The differences found in the literature could be largely due to different doses
of mineral N applied and the phenological time at which the reduction was implemented
(Hernandez et al., 2020).
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3.2. Physiological and biochemical mechanisms underlying N stress

3.2.1. Photosynthesis

N is involved in the synthesis of several components of the photosynthetic
machinery, including pigments and RuBisCO enzyme, which alone encompasses about
50% of leaf N content and plays a major role in C assimilation (Bassi et al., 2018; Cohen
et al., 2019; Shangguan et al., 2000). Therefore, N deficiency is often associated with
declines in RuBisCO concentration and leaf gas exchange, with a significant decrease
in the leaf photosynthetic CO; assimilation capacity (Cohen et al., 2019; Jin et al., 2015).
N deficiency also affects photosynthesis by triggering leaf senescence, a reduction in
the new LA expansion, and a lack of sink to the photoassimilates produced in such
processes, as lowering N supply decreases transport and/or utilization of assimilates (De
Groot et al., 2003; Wei et al., 2016).

The impact of N stress on the photosynthetic activity of tomato has been
extensively studied (Chapin et al., 1988; Cohen et al., 2019; De Groot et al., 2003;
Halpern et al., 2018; Suniaga Quijada et al., 1992; Tei et al., 2002). Suniaga Quijada et
al. (1992) noted that low N supply, during the early developmental stages of tomato,
resulted in lower leaf elongation and lower leaf chlorophyll content, as well as abnormal
starch accumulation in the chloroplasts. Further, Tei et al. (2002) observed that N
avalilability is positively correlated with the growth rate of tomato plants, mainly due to an
increase in light interception as a consequence of a higher LA index. In addition, De
Groot et al. (2003) showed that the photosynthetic capacity of tomato plants grown
hydroponically following 2 days of N starvation was reduced due to a decrease in light
absorption and assimilates use. Recently, some studies have been addressing the
impacts of photosynthetic acclimation to elevated CO» (PAC) on N uptake and availability
(Cohen et al., 2019; Halpern et al., 2018). It is well known that short-term high CO
enhances leaf photosynthetic rate. On the other hand, PAC arises under long-term
exposure to elevated CO,, where the positive effect on the photosynthetic activity
becomes weaker as a consequence of (1) lower stomatal conductance and, therefore,
reduced leaf gas exchange, and (2) downregulation of the concentration and expression
of internal photosynthetic intermediates, particularly RuBisCO (Figure 3). Moreover,
long-term elevated CO; reduces NOs uptake due to stomatal closure and reduced
transpiration rate (Halpern et al., 2018). These authors also demonstrated that low NOs
aggravates photosynthetic performance regardless of the CO, concentration, but the
negative effect was greater when it was combined with elevated CO». Furthermore, they
demonstrated that higher NO3™ fertilization can alleviate the acclimation effect of elevated

CO; on the photosynthetic machinery of tomato plants, N status, and sink-to-source
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imbalance. Finally, it has been shown that despite the negative effect that elevated CO,
can have on photosynthetic parameters and NO3 uptake, it can also generally improve
the plant-soil microbiome through a lower pH, resulting in higher N bacterial fixation, and
hence, a greater N soil availability (Halpern et al., 2018; He et al., 2019; Wang et al.,
2020) (Figure 3).
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Figure 3 - Interactive effects of elevated CO, on N uptake and availability, photosynthesis, photosynthetic acclimation (PAC)
and soil microbiome.

3.2.2. Oxidative stress and scavenging system

An effect of N availability on oxidative stress response has been described for
several plants (Hsieh et al., 2018; Rubio-Wilhelmi et al., 2011; Tewari et al., 2007). N
deficiency diminishes the rate of the Calvin cycle and consequently prevents the
oxidation of NADPH and restoration of NADP* (Rubio-Wilhelmi et al., 2011). N deficiency
promotes the generation of ROS, particularly of H,O, and Oy, through excitation of the
photosystem Il that intensifies the Mehler reaction, consequently enhancing the activity
of the enzymes POD and SOD (Koleska et al., 2017). In turn, ROS accumulation triggers
leaf senescence and inhibition of the photosynthetic capacity by increasing lipid
peroxidation, pigment loss, and protein degradation (KoleSka et al., 2017; Rubio-
Wilhelmi et al., 2011; Tewari et al., 2007).
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Several studies on tomato have looked at the effect of N on the oxidative burst
and on the scavenging system, particularly on phenolic compound content (Groher et
al., 2018; Koleska et al., 2017; Larbat et al., 2012, 2014; Singh et al., 2019). KoleSka et
al. (2017) tested the effect of biostimulants on the prevention of oxidative damage
produced by nitrogen-phosphate-potassium (NPK) deficiency and reported an increase
in enzymatic antioxidant activity. Singh et al. (2019) demonstrated that a high N supply
could partly alleviate salt toxicity through the production of osmolytes, including proline.

N deficiency also triggers the accumulation of flavonoids via increases in
phenylalanine ammonia-lyase activity (Koleska et al., 2017). Several studies revealed
that N deficiency or starvation induces an increase in rutin and chlorogenic acid (two
antioxidant flavonoids and the main phenolic compounds found on tomato leaves)
(Benard et al., 2011; Groher et al., 2018; Larbat et al., 2012, 2014).

3.2.3. Nutrient uptake

N is a major macronutrient and its ionic form controls cation and anion uptake to
maintain a charge balance and electroneutrality within the plant (Borgognone et al.,
2013). In tomato, many studies have evaluated the effect of different N supplies on the
uptake of other nutrients (Errebhi Wilcox, 1990; Gunes et al., 1998; Huett and Dettmann,
1988; Kirkby and Knight, 1977; Smart and Bloom, 1993). The understanding of these
nutrient interactions is an important step toward achieving an efficient and sustainable
strategy for integrated nutrient management (Aulakh and Malhi, 2005). The source of N
is also a determining factor in the uptake of other nutrients. Under NO3 deficiency and/or
higher NH4*™ supplementation, cations like potassium (K), magnesium (Mg), and calcium
(Ca) presented lower uptake levels, and anions like phosphorous (P), sulfate (S), and
most micronutrients had higher uptake rates, while with significantly higher NO3/NH4*
ratio the inverse response was reported (Borgognone et al., 2013; Smart and Bloom,
1993; Yoneyama et al., 2012). NH4* can induce nutrient deficiency of cations like Ca, K,
and Mg by competing with these cations for assimilation and transport sites and by
acidifying the rooting medium (as NH4* transport to the roots implies the release of
protons), altering the mineral nutrient bioavailability (Gerendas et al., 1997; Haynes and
Goh, 1978; ten Hoopen et al.,, 2010; Rayar and van Hai, 1977). On the contrary,
rhizospheric acidification can lead to increased uptake of some anions, while NOg,
associated with the proton consumption via 2H*/NOs symport, and consequently
increase in the pH of the outer solution, can result in a decrease of anions uptake
(Borgognone et al., 2013; Fageria, 2001). P uptake specifically is associated with a lower

pH as it induces higher solubility of Ca-phosphates in the rooting medium and increases
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the phosphate ion that is preferentially absorbed by roots (Ashraf and Sultana, 2000;
Hoffmann et al., 1994).

3.3. Molecular mechanisms underlying nitrogen stress and tolerance

Improving NUE in crop plants is now, more than ever, an urgent environmental
and agricultural goal that, despite extensive research over the past decade, remains one
of the scientific “Grand Challenges” of the 21st century (Hsieh et al., 2018). To face this
challenge and to be able to identify important sites of intervention for higher NUE, we
need to have a broad understanding of the genetic machinery behind N uptake,
transport, metabolism, and remobilization in crop plants (Hsieh et al., 2018; Jangam and
Raghuram, 2015).

Depending on internal and external NOs™ concentrations, plants have different
uptake systems including two high-affinity transport systems (HATS), mainly activated
under low NOj3™ availability (levels below 0.1 mM) and one low-affinity transport system
(LATS) for cases of higher availability of NOs™ (Hildebrandt et al., 2002; Lea and Azevedo,
2006; Wang, 2001). This root transport system allows the plant to maximize NOs™ uptake
depending on soil N availability. Once inside the plant roots, NO3s” may be transported to
the shoot for assimilation (storage in the vacuole), released again into the rhizosphere,
or reduced to nitrite or NH4* via NR or nitrite reductases (NiR), respectively (Wang,
2001).

NH.* is taken up by the plant directly from the rhizosphere by NH4* transporters
(AMT) and is further assimilated into amino acids via the glutamine synthetase/glutamate
synthase (GS/GOGAT) cycle and/or the asparagine synthetase (AS) or the glutamate
dehydrogenase (GDH) (Lam et al., 1994; Liu et al., 2016; Kant et al., 2011).

Several groups of genes related to N uptake, transport, and assimilation were
identified including genes encoding NOjs" transporters (NRTS), genes encoding AMTS,
genes involved in the transport of NO3™ to the vacuole (CLC), and genes related to the
enzymes NR, NiR, of GS/GOGAT, GDH, and AS pathway for NH4" assimilation (Lam et
al., 1994; Liu et al., 2016; Wang, 2001). NRTs are further divided into two major groups,
one mainly associated with LATS (NRT1) and the other associated with HATS (NRT2)
(Wang, 2001).

3.3.1. N uptake and transport
Low N availability strongly induces the expression of genes associated with N
uptake, particularly those associated with HATS such as the NRT2 and the high-affinity
AMT gene family (Hsieh et al., 2018; Peng et al., 2007). A study using an Arabidopsis
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thaliana Atnrt2.1-nrt2.2 mutant evidenced that this NRT inhibits IHATS expression by up
to 80% (Li et al., 2007). N starvation also induced an upregulation of genes belonging to
the NRT2 gene family in tomato (LeNRT2-1 and LeNRT2-2) (Ono et al., 2000).

Tomato plants grew without N, with 200 uM NOs or 100 uM NH4* as their sole N
source, showed that expression of LeAMT1 and LeNRT1-1 was independent of the N
availability/source, while LeNRT1-2 expression was only induced in the presence of NO3’
(Lauter et al., 1996). This can be explained by the fact that (1) LATS can have two or
even more differentially regulated transport systems in tomato, cLATS, or NOs™ iLATS
(Huang, 1999); and that (2) LeNRT1-1 can encode a dual-affinity transporter (Lauter et
al.,, 1996; Ono et al., 2000). Indeed, it was already reported that if NRT1-1 is
posttranscriptionally phosphorylated, it functions as a HATS, whereas if
dephosphorylated it functions as a LATS (Masclaux-Daubresse et al., 2010). This last
hypothesis was further explored in A. thaliana, but it was concluded that NRT1-1 alone
had a minor contribution to NO3™ uptake at low external NOs concentration. Curiously,
the role of AMT genes appears to be more controversial. Von Wiren et al. (2000)
evaluated the expression of three AMT genes in hydroponically grown tomato (LeAMT1-
1, LeAMT1-2, LeAMT1-3) and observed that LeAMT1-1 expression was induced by N
absence, whereas LeAMT-2 expression was strongly induced by either NH4* or NOs
sources suggesting that these genes encode an inducible and constitutive transport
system, respectively. On the other hand, the expression of LeAMT1-3 demonstrated little
similarity with the other two genes and was identified only in leaves and when NO3; was
present, having hypothetically a different mechanism of regulation in tomato plants.

Further studies in tomato plants aiming for functional characterization of LATS
and HATS gene families are needed to fully understand the mechanism of regulation of
these transporters to design new strategies to improve N uptake according to N

availability.

3.3.2. N assimilation

N assimilation is initiated with the reduction of NOs to NH.*, followed by NH4*
assimilation. As mentioned above, two enzymes, NR and NiR, have a crucial role in this
process by reducing NOs™ to nitrite and nitrite to NH4", respectively (Masclaux-Daubresse
et al., 2010). Studies concerning the effect of N deficiency on the genetic regulation of
NR and NiR in tomato plants are scarce and suggest that the expression of NR can be
affected by different temporal harvest time points and light conditions, or even by the
plant organ analyzed because they differ in the basal amount of NR enzyme (Galangau

etal., 1988; Krapp et al., 2011). Accordingly, Galangau et al. (1988) stated no significant
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changes in the expression level of NR in tomato leaves after N starvation, in contrast to
a decrease observed in the protein level of this transporter, suggesting that N starvation
controls NR activity in tomato at least in part, through a posttranscriptional regulation.

The GS/GOGAT cycle is responsible for the assimilation of N into amino acids
but it also plays a significant role in the reassimilation of NH,* produced during N cycling
(Liu et al., 2016). Besides the GS/IGOGAT cycle, GDH is another alternative pathway
responsible for the production of glutamate from NH4*. A study by Liu et al. (2016)
allowed the identification of six GS (SIGSI, SIGS2, and SIGS1.11.4), two GOGAT
(SINADH-GOGAT and SIFd-GOGAT), and five GDH (SINAD-GDHA1-A3, SINAD-
GDHB1, and SINADP-GDH) genes in tomato plants. Importantly, SIGS1.2, SIGS1.3,
SINADHGOGAT, and SIGDHB had decreased transcriptional levels after N starvation,
oppositely to SIGS1.1 whose expression was increased by this condition. SIGS1.1 may
display an important function in N remobilization when plants go through severe N
starvation, playing an important role in plant survival to N stress (Liu et al., 2016).
Interestingly, the expression of GDH was also induced by an excess of NH4* (Vega-Mas
etal., 2019).

Asparagine synthetase (AS) is also involved in NH4* assimilation as it enables an
ATP-dependent transfer of the amino group of glutamine to aspartate to generate
glutamate and asparagine and it is considered an ideal amino acid for N transport and
storage because of its high N:C ratio and its stability (Lam et al., 1994; Masclaux-
Daubresse et al., 2010). A study by Wang (2001) demonstrated that the expression of
an AS gene was induced by NOs" while no evidence of the effect of N starvation on AS

gene regulation was collected so far.

3.3.3. N remobilization

Under severe N starvation, and depending on the developmental stage, plants
may reuse stored N by degrading nitrogenous compounds and remobilizing the newly
available N (Bassham, 2007; Lemaitre et al., 2008). Therefore N remobilization is
considered time- and environmental-dependent as it is more frequent during the
vegetative and reproductive developmental stages and favored by limiting NOgs
conditions (Lemaitre et al.,, 2008; Masclaux-Daubresse et al., 2010). During leaf
senescence, N remobilization is induced as several proteins are degraded, namely,
those involved in photosynthesis, providing great amounts of reutilizable N (Masclaux-
Daubresse et al., 2010). GS1 isoforms are well-known markers of N remobilization and,
particularly upon N deficiency, they have been described as senescence-related markers

((Lemaitre et al., 2008). In tomato, the expression of the GS1 gene was upregulated by
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N starvation, suggesting that GS might have a role in the utilization of recycled N (Liu et
al., 2016).

Autophagy is a highly regulated and conserved process that is crucial for N
remobilization inside the cell. Under starvation, activation of autophagy induces the
transport of cellular contents to the vacuole for subsequent digestion to recycle nutrients,
thus optimizing plant growth, development, and stress responses (Avin-Wittenberg et al.,
2018; Bassham, 2007; Wang et al., 2019a). A downregulation of autophagy-related
genes (ATGS) is associated with increased susceptibility of plants to N and C starvation
and inhibits the breakdown of mitochondria-resident proteins during senescence (Wang
etal., 2019a). The expression of ATG genes was reportedly increased upon N starvation
in several plants (Bedu et al., 2020; Wang et al., 2016; Zhou et al., 2015). Brassinosteroid
(BR) is a phytohormone that plays a critical role in autophagy (Wang et al., 2019a). Data
on tomato plants have revealed that in the early stages of N starvation, the accumulation
of BZR1, a BR-activated transcription factor, was enhanced to promote N recycling by
inducing the expression of ATGs. Overall, these results appear to indicate that tomato
plants are also dependent on ATGs for N remobilization upon N starvation in a process
likely regulated by BR.

Despite the importance of understanding genetic regulation upon N deficiency to
improve NUE, these mechanisms need further characterization in tomato plants
especially regarding N remobilization. Given that tolerance to low N has become a highly
relevant breeding goal, it is surprising that only a few studies have compared the genetic
variation in N- utilization traits among the accessions of tomato or compared measures
of NUE for the same germplasm growing in different environments (Abenavoli et al.,
2016). However, this slow breeding progress can be, at least in part, explained by the
complexity of abiotic-stress tolerance associated with polygenes (Parajuli et al., 2018).
Nevertheless, Abenavoli et al. (2016), reported that in the N stress-tolerant ‘RO’ tomato
genotype grown at low NOs™ supply (0.1 mM NO3Y), a higher shoot NO3™ concentration
and higher activity and gene expression of NR, as well as higher root SINTR2.3
expression, are likely associated with the increased NUE in this cultivar. Furthermore,
the authors observed a highly significant difference in the expression of SINTR2.3
between contrasting cultivars (at low NO3 supply) suggesting that this gene may function
as a marker for the identification of improved NUE tomato genotypes, especially because
when grown at high NOs™ supply, the expression was similar for both genotypes. When
compared with ‘UC82’ (a sensitive cultivar), ‘RO’ showed higher SINRT2.3 expression
and shoot NOs content at high NO3 supply but similar NR activity, suggesting an

improved capacity to store NO3™ on the leaves that may also be a potential phenotypic
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marker for improved NUE. Some of the NRT2 transporter activity is dependent on the
high-affinity nitrate transporter-activating protein 2.1 (NAR2.1). The expression of the
two-component high-affinity uptake system SINRT2.1/NAR2.1 was significantly higher in
UC82 when compared with RO at low NO3 supply, but not at 5 mM NOg3 supply. Further,
while SINRT2.1 expression did not show any significant difference between genotypes,
the SINAR2.1 expression was significantly higher in RO, suggesting that it might also
have a role in NUE. The authors also concluded that their results may indicate that NUE
components may play a greater role than N uptake efficiency in conferring higher NUE
in tomato (Abenavoli et al., 2016). Recently, an interesting study by Dominguez-Figueroa
et al. (2020) reported that the A. thaliana transcription factor CDF3 is involved in N
responses and improves NUE in tomato, with CDF3 expression being transiently induced
after 1 day of N starvation. Further analyses of gain-of-function and loss-of-function lines
allowed the authors to confirm the role of CDF3 as an important factor in N-regulated
processes, specifically that CDF3 regulates (1) the expression of an important set of NO3
responsive genes, including GS-1, GS-2, NR-1, and NOs transporters NRT2.1, NRT2.4,
and NRT2.5; (2) the expression of carbon assimilation genes like PK1 and PEPC1; (3)
arise in the content of major amino acids (glutamate, glutamine, proline, and asparagine)
and total protein; and (4) an increase in enzyme activities of N metabolism (GS, NR, and
GDH) in response to N availability (Dominguez-Figueroa et al., 2020). The authors also
found that the overexpression of CDF3 increased N accumulation, improved primary and
lateral root elongation, enhanced the amounts of photoassimilates partitioned to the fruits
(resulting from increased C and N metabolism), as well as the photosynthetic rate,
biomass accumulation, and fruit yield. The recent results from Dominguez-Figueroa et
al. (2020) suggest that CDF3 is an important regulatory factor for the NOs" response and

its potential role in improving NUE in tomato plants.

4. Conclusions and future prospects

Drought stress negatively affects tomato growth at several stages of development
(from seed germination until fruit development) reducing fruit yield and quality. This is
mostly due to a lower photosynthetic rate (leading to lower yield) and reduced
transpiration rate (that affects Ca mobility to the fruits resulting in physiological
disorders). N deficiency leads to plants with shorter vegetative growth periods and
reduced yields, mainly caused by lower photosynthetic capacity, carbohydrate
accumulation, and hormonal readjustments. This literature review also presents an
overview of the genes that are differently regulated to aid plants to adapt to both stresses,

which might be of interest for future tomato drought and/or N-deficit-tolerant breeding
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programs. However, it is concluded that so far only a few studies have been conducted
to confirm the molecular regulatory networks and the key genes involved in the tolerance
responses to water and N deficit, with the latter ones being almost uncharacterized. Still
regarding N stress tolerance, promising new studies have pointed out that N
remobilization might be crucial for increased tolerance to N stress on tomato but more
studies are needed to confirm that hypothesis.

In the environment, plants are often subjected to several abiotic stresses,
including water and N deficiencies, which are closely related. However, only a few
studies have addressed the complex interaction between them, and new insights are
required in the future to improve WUE and NUE in tomato plants, especially in light of
global climate change. Moreover, some studies here reviewed suggest that it is possible
to manage drought stress by applying water-saving irrigation strategies to promote the
quality and nutritional properties without compromising tomato vyield, while also
contributing to water conservation. Thus, continuing to explore and improve the use of
deficit-irrigation techniques, especially when integrated with other novel sustainable
agronomical tools (e.g. grafting, elicitors, biostimulants, and other growth-promoting
substances) that have been demonstrated to improve plant response to drought

conditions, is of utmost importance.
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Role of silicon in mitigating drought and nutrient deficiency

Abstract

In the last decades, climate change are causing environmental issues which are
threatening agriculture. Drought, due to climate change, and nutrient deficiency are
certainly two of the major threats for this sector resulting in large economic losses due
to reduced vyields. Silicon (Si), as a beneficial element for plants, is involved in plant
tolerance and/or resistance to various abiotic and biotic stresses. The beneficial role of
Si has been shown in various plant species and its accumulation relies on the root's
uptake capacity. Si has been widely reported to alleviate plant drought stress in both Si-
accumulating and non-accumulating plants. In contrast, the literature concerning Si
potential in mitigating nutrient deficiencies is far scarcer. This chapter aims to outline
several mechanisms regulated by Si in response to drought and nutrient deficiency and
summarize with important agronomic crops in which its application has shown beneficial
effects in alleviating these abiotic stresses.

1. Introduction

Climate change will increase drought in many regions of the world (Bista et al.,
2018). Agriculture is an important sector of the world’s economy and is highly dependent
on water availability, which ultimately constitutes an essential input to agricultural
production. Furthermore, drought negatively affects root nutrient uptake due to the
reduction in soil moisture which causes a decreased rate of nutrient diffusion from the
soil matrix to the absorbing root surface and subsequent translocation to the leaves
(Rouphael et al., 2012). Ensuring optimal crop yields in the context of climate change
while safeguarding natural resources is deemed to be one of the biggest challenges in
the current century (Le Gouis et al., 2020). Silicon (Si), the second most predominant
element in the earth’s crust (Liu et al., 2019a; Liu et al., 2019b), has a beneficial effect
on plants playing a functional role in the alleviation of several abiotic and biotic stresses,
which have been studied for more than two decades (LiSka et al., 2017; Lux et al., 2020).
Therefore, Si has been widely used in agriculture due to improved productivity of several
crop species and, also, Si serves as a valued element to humans (Tubana et al., 2016).
In this chapter, we will outline several mechanisms regulated by Siin response to drought
or nutrient deficiency, which are highly relevant under the current context of population

growth and climate change, as well as summarize several studies with important
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agronomic crops in which its application has shown beneficial effects in alleviating the
effects of these abiotic stresses.

2. Drought

Water stress is one of the major environmental constraints limiting plant growth
and agricultural productivity. Drought induces a range of physiological and biochemical
processes in plants that can reduce crop yields by up to 70%, resulting in serious
economic losses (Osakabe et al., 2014; Siracusa et al., 2018). Although plants have
evolved different morpho-physiological and biochemical strategies to cope with drought
stress (Lamaoui et al., 2018), increasing evidence suggests that the detrimental effects
of drought can be mitigated by an adequate and balanced supply of mineral nutrients
(Waraich et al., 2011). One of the methods involving the alleviation of negative water
stress is the application of Si. The beneficial effect of Si on plant water status has been
extensively studied in various plant species subjected to drought stress (Table 1). The
improvements in relative water content and/or water potential by Si application occurred
under both polyethylene glycol-induced osmotic stress (Hattori et al., 2007; Ming et al.,
2012; Sonobe et al., 2010) and potted soil drought conditions (Amin et al., 2018; Gong
et al., 2003). Different compounds of Si, including Na,SiOs, K;SiO3, or H,SiO3 (Table 1),
have been applied either in the soil or the nutrient solution, being the first two, the most
studied compounds. Although in most of the studies, Si application took place after the
seedling's emergence, the priming of seeds with Si has been suggested as an alternative
method to improve the drought stress tolerance in plants. Some studies have shown that
Si-seed priming enhances plant resistance against future stress events and propose it
as a promising and cost-effective procedure in circumstances, where water scarcity
might be a problem (Ahmed et al., 2014; Biju et al., 2017). Although the mechanisms
behind the beneficial effects of Si are still largely unknown, Si-induced plants’ resistance
to drought seems to be primarily related to its role in increasing non-enzymatic
antioxidant capacities, by activating antioxidant enzymes and decreasing O>™ production
rate, H.O, content, and malondialdehyde concentrations (Cao et al., 2017; Gong et al.,
2003; Gunes et al., 2007; Gunes et al., 2008; Shi et al., 2014); maintaining
photosynthetic machinery, through the promotion of photosynthetic rate and increased
activity of photosynthetic enzymes (Shen et al., 2010) and delaying leaf senescence
(Hosseini et al., 2017). Wang et al. (2019b) observed that Si treatment might play roles
in the absorption, transformation, and transfer of light energy by optimizing the thylakoid
membrane protein components in rice seedlings under drought stress. The impact of Si

on chlorophyll fluorescence and the ultrastructure of chloroplasts of drought-stressed
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tomato was also reported (Cao et al., 2015). Silicon played an important role in
suppressing the decline of the activities of ROS scavenging enzymes in the chloroplast,
therefore, protecting it from severe oxidative damage, such as the distortion of the grana
lamellae and stroma lamellae. Zhang et al. (2018) also demonstrated the positive
beneficial effects of exogenous Si on the chlorophyll fluorescence and expression of
photosynthesis-related genes in tomato seedlings under water stress. Increased
concentrations of chlorophyll and carotenoids were also observed, thus promoting
photosynthesis. Silicon is also believed to be important in reducing evapotranspiration
or controlling stomata conductance when taken up and deposited in leaf cuticle, thereby
reducing transpiration (Gao et al., 2006; Matoh et al., 1991) and consequently improving
drought tolerance. It has also been shown to enhance radial hydraulic conductivity and
mediate stress tolerance in sorghum seedlings and tomato plants exposed to drought
(Cao et al., 2017; Liu et al., 2014). In sorghum seedlings, the increased root hydraulic
conductance after Si addition was attributed to Si-mediated transcriptional up-regulation
of some aquaporin genes (Liu et al., 2014).

Several key conjugated polyamines synthesis genes were shown to be up-
regulated by Si under sorghum drought-stressed plants (Yin et al., 2014). It is suggested
that Si improves sorghum drought resistance by mediating the balance of conjugated
polyamines and ethylene levels. In leaves, the increased conjugated polyamines and
decreased 1-aminocyclopropane-1-carboxylic acid (ACC, the precursor of ethylene) help
to retard leaf senescence. In roots, the balance between conjugated polyamines and
ACC participates in the modulation of root plasticity, increasing the root/shoot ratio thus
contributing to an increase in water uptake (Yin et al., 2014).

Additionally, Si is pointed out as responsible for maintaining nutrient balance
(Kaya et al., 2006), stimulating osmolyte accumulation (Cao et al., 2017; Ming et al.,
2012), regulating growth substance levels (Zhu and Gong, 2014) and sequestering toxic
ions (Rizwan et al., 2015) when plants are under drought stress.

Since water is a limited resource in many regions of the world and taking into
account the increased demand for water and food production, to fulfill the need of an
increased world population, sustainable approaches to promote water use efficiency
(WUE) in agriculture are highly required. Therefore, the application of Si may be an
important strategy to improve crop yield in arid or semi-arid areas under water-stress
conditions. However, the pathways by which Si regulates the plant water status still need
further investigation, especially regarding the molecular and biochemical mechanisms.
The proper form of Si application (i.e. dosage, Si source and plant developmental stage)

and its performance under field conditions, as most of the studies were conducted in
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laboratory trials or hydroponic conditions, is another topic that still needs extensive

investigation.



Table 1 — Overview of studies in which silicon (Si) application has shown beneficial effects alleviating drought stress

Si
Plant species Family Si Source ) Main Results Reference
Concentrations
1 growth parameters, net assimilation rate, CO. absorbance, relative water .
NazSiOs 0.35, 2'73, content, root amino acid content, antioxidant enzymes activity Habibi,
mmol/kg soil 2014
Brassica napus L. ] | intracellular CO2 concentration, oxidative damage
Brassicaceae
Rapeseed/ Canola ] ] ] ] ]
1 photosynthetic pigments, ROS scavenging capacity, leaf relative water
SiO- 1 mM content and proline content Hasanuzzam
an et al.,
| oxidative stress 2018
Cicer arietinum L ] 1 growth, relative water content, non-enzymatic antioxidant activity Gunes et al.,
. Fabaceae NazSizO7 100 ppm
Chickpea S . . s - 2007
| oxidative damage, proline content, enzymatic antioxidant activity
1 biomass, net photosynthetic rate, leaf water content, chlorophyll content,
Cucumis sativus L. Cucurbitaceae K2SiOs 120, 240 ppm antioxidant enzymes activity Ma et al.,
Cucumber ' 2004
| stomatal conductance, oxidative damage, plasma membrane permeability
Glycine max L 1 growth, photosynthetic enzymes, chlorophyll and anthocyanin content,
Merrill Fabaceae  NazSiOs-9H20 1.70 mM relative leaf water content Shen etal.,
' 2010
Soybean | oxidative damage, proline and antioxidant enzymes
Helianthus annuus | stomatal resistance, oxidative damage, proline content, SOD and APX activity G tal
. n o
L Asteraceae NazSizO7 100 ppm . .. unes eta
1 leaf relative water content, CAT activity 2008

Sunflower




Lens culinaris

1 germination and seedling vigour, Si content, antioxidants, hydrolytic enzymes

Medik. Fabaceae NazSizOs 2mM activity ngle; al.
Lentil .
| concentration of osmolytes and ROS
1 growth, net assimilation rate, relative water content, photosynthetic pigments,
Mangifera indica L. A g KOSI0 15 mM N, P, K and protein content, IAA, GA, and CK (promoters) endogenous levels, Helaly et al.,
Mango nacardiaceae 25103 = m yield and fruit quality 2017
| ABA, accumulation of several osmolytes and antioxidant enzyme activity
1 forage biomass, number of branches, water use efficiency
Medicago sativa L. . o Liu and Guo
Alfafa Fabaceae K2SiOs 4 kg/pot | transpiration rate and stomatal conductance 0013
No effect on leaf area and photosynthetic rate
1 dry weight, root traits, chlorophyll content, water potential, photosynthetic rate,
kSO 0.5,1.0,1.5,2.0 transpiration rate, basal quantum yield, and maximum quantum efficiency of Chen et al.,
oI mM PSII photochemistry 2011
Oryza sativa L.
Rice Poaceae | K, Na, Ca, Mg, Fe content
1 growth parameters, total, free, and bound water contents, water and osmotic .
. ) . ) Ming et al.,
Naz2SiOs 2.5 mM potential, turgor pressure, active accumulation of several osmolytes, net 2012
photosynthetic rate, transpiration, and water-use efficiency
_ 1 net photosynthesis, leaf water contents, relative growth rate, root/shoot ratio,
Poa pratensis L. Poaceae NapSiO3-9H2 200, 400, 800  instantaneous water use efficiency, leaf green color and turf quality. Saud et al.,
Kentucky Bluegrass 0 mg/L 2014
| Stomatal conductance, C:N ratio
1 photosynthetic CO: assimilation, stomatal conductance, transpiration,
Saccharum spp. L. Poaceae Ca0-SiO; 20, 40, 60, 80,  chlorophyll fluorescence, plant growth, leaf relative water content, biomass- ~ Vermaetal,,
Sugarcane 100 g/pot yield, photosynthetic pigments, antioxidant enzymes activity (CAT, POD, SOD), 2020

phytohormones content (ABA, I1AA, GA3)




1 growth parameters, photosynthetic efficiency of PSII, electron transport rate,

. . . . C tal.,
NazSiOs 0.6,1.2,1.8 mM net photosynthetic rate, antioxidant enzymatic system ;8187 a
| oxidative damage, chlorophyll degradation
1 tomato growth, photosynthetic and transpiration rate, water status, root
hydraulic conductance, enzymatic and non-enzymatic antioxidant system,
. Shi et al.,
K2SiO3 2.5mM | oxidative damage and ROS levels 2016
No effect on the transcription of plasma membrane aquaporin genes or proline
levels
Solanum 1 K, Ca and Mg accumulation, plant growth, RWC, fruit yield
. Ullah et al.,
lycopersicum L. Solanaceae NazSiOs 50 ppm . 2016
Tomato | Na+ uptake, electrolyte leakage, proline content
1 growth parameters, chlorophyll content, uptake of sulfur and ammonium,
si(oH production of amino acids (arginine, methionine, serine, proline, alanine, Al et al
i(OH). 1.5 mM threonine, glutamic acid, GABA and glycine), production of free polyamines 2I()i8a"
(putrescine and spermidine
| GSSG to GSH ratio
1 growth parameters, hydraulic conductivity in radial direction, water uptake,
N . 12 mM solute accumulation (proline, soluble sugar and soluble protein) osmotic Cao et al.,
a2Si0s &M adjustment ability of root, water absorption and antioxidant activity, 2017
| oxidative damage
Solanum 1 Si concentration in potato leaves, mean tuber weight, tuber yield and proline c iof et
. rusciol e
tuberosum L. Solanaceae CaMgSiOa4 284.4 mg/dm®  content. usel
al., 2009
Potato . .
| total sugars and soluble proteins, stalk lodging
Sorghum 1 dry weight, root water uptake, root amino acid and sugar content
. o Sonobe et
bicolor (L.) Moench Poaceae Not specified 1.78 mM | osmotic potential al. 2010
Sorghum '

No effect on root anatomical traits related to water transport




1 plant biomass, Si concentration, photosynthetic rate, stomatal conductance,
leaf and whole-plant transpiration, relative water content, whole-plant hydraulic
conductance and expression of root aquaporin genes

. Liu et al.,
NazSiOs 1. 67 mM )
| root hydraulic conductance, 2014
No effect on osmotic potential of root xylem sap, on leaf-specific conductivity of
stem and on root surface area, vessel diameter and number.
1 growth parameters, chlorophyll concentration, photosynthetic rate, leaf RWC,
transpiration rate, soluble sugar contents, levels of both free and conjugated
. olyamines (putrescine, spermidine and spermine) and of several ke Yin et al.,
H.Si0s 0.83 mM polyamines. (putresc P P ) y era
polyamines (synthesis genes 2014
| proline and 1-aminocyclopropane- 1-carboxylic acid (ACC) content and
osmotic potential
) 1 biomass, leaf weight ratio, RWC, water potential and leaf area Gong et al.,
NazSiO3 7.14 mmol
e 2003
| specific leaf area
Tr|.t|cum . 1 growth parameters, chlorophyll content, RWC, Si, K and Ca concentration Kaya et al.,
aestivum L. Poaceae Naz2SiOs 1,2mM 2006
Wheat | proline accumulation and oxidative damage
. 1 growth parameters, photosynthetic rate, yield and yield attributes, Amin et al.,
CazSiOs 100 ppm
I 2018
| transpiration rate
Zea mays L. L . .
Maize Poaceae 1 plant growth parameters, photosynthetic pigments, antioxidant enzymatic
. activity Parveen et
Na2Sio 4,6 mM
2 al., 2019

| oxidative damage, proline levels, accumulation of glycine betaine and total
soluble sugars

1 (increase) or | (decrease) compared to water stress treatments without Si application
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3. Nutrient Deficiency

Compared with the benefits of Si under drought stress, knowledge about the role
of Si in alleviating nutrient deficiency is scarcer, as recently pointed out by Ali et al. (2020)
and Pavlovic et al. (2021). Nevertheless, for several important agronomical crops, Si
supplementation alleviates nutrient deficiency (Table 2) with most of these crops being
Si accumulating species.

The literature is even scarcer concerning the Si benefits for N deficiency
mitigation. Nevertheless, recent studies showed that the application of Si positively
impacted N uptake, assimilation, and remaobilization, improving N utilization within plant
tissues (Minden et al., 2020; Pavlovic et al., 2021). For example Haddad et al., 2018
showed a beneficial effect of Si in preventing N starvation in Brassica napus, coinciding
with a decrease in oxidative stress markers (H.O2, and MDA) and a delay in leaf
senescence. Wu et al. (2017) showed that in rice plants under low N supply, Si
treatment increased the transcript levels of genes involved in N uptake and assimilation
(OsNRT1;1, OsGS2, OsFd-GOGAT, OsNADH-GOGAT?2, and OsGDH2). The authors
suggest a positive feedback response mechanism operating under reduced N
availability, that could explain the increases in plant dry weight and decreases in root-to-
shoot ratio resulting from Si application.

Additionally, a possible explanation for the positive effect of Si on N stress
mitigation is its role in the protection and alteration of photosynthetic mechanisms. Si
might promote a decline in carbon (C) levels, partially replacing it in shoot tissues,
favoring the C metabolism efficiency, and modulating the N and P use efficiency.
Consequently, Si enhances photosynthetic rates, but mostly in Si-accumulating species
such as quinoa (Lata-Tenesaca et al., 2021), sorghum (de Carvalho et al., 2022; Calero
Hurtado et al., 2020), sugarcane (Frazé&o et al., 2020; de Oliveira Filho et al., 2021; de
Souza Junior et al., 2022), sunflower (Calero Hurtado et al., 2020) and wheat (Neu et
al., 2017). Nevertheless, the positive effect of Si in photosynthesis might depend on the
application method used as mentioned by Deus et al. (2020). These authors suggest
that Si foliar application has a low impact on the physical mechanism of protection, as
no alterations in the photosynthetic processes (net CO, assimilation) and transpiration
of rice plants were found. Deus et al. (2020) propose that Si sprayed on the leaves might
have related to lignin-carbohydrate complexes thus increasing lignification in plants
under N starvation.

Nevertheless, although the underlying mechanisms are not yet well established,
some modes of Si action have been suggested, as recently reviewed by Pavlovic et al.,

(2021). Considering these studies, it is reasonable to hypothesize that N-deficient pants



FCUP | 49
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

could benefit from Si supplementation. However, more research on the impact of Si
application on several mechanisms, such as the antioxidant system of plants under N
deficiency, one of the key mechanisms proposed by Liang et al. (2007) for Si alleviating

abiotic stresses, is needed.

4. Conclusion

To help mitigate climate change effects on plant growth and to guarantee enough
food production for the growing population, innovative strategies need to be tested,
including the application of novel compounds that help plants to cope with environmental
hazards. In this chapter, we have clearly shown that various chemical forms of Si have
mitigated the negative effects of drought and nutrient deficiency. However, the
mechanisms underlying plant responses to Si application in response to the
aforementioned stresses, especially regarding nutrient deficiency, are not yet well

explored which requires future attention.



Table 2 — Overview of studies in which silicon (Si) application has shown beneficial effects alleviating nutrient deficiency stress.

. . Nutrient Si Si Main
Plant species Family . _ Reference
Deficiency Source Concentrations Results

1 root and shoot dry matter, shoot Ca accumulation, root and shoot Si

Brassica accumulation, leaf AsA content and leaf firmness index ]

. . . da Silva et al.,
oleracea L. Brassicacea Calcium NazSiOo 25mM

| accumulated fresh matter loss and electrolyte leakage 2021

Cabbage
No effect on root Ca accumulation,

Cucumis 1 chlorophyll content, root and shoot dry mass, leaf Fe and Si .

. . . . . - . Pavlovic et al.,
sativus L. Cucurbitaceae Iron Si(OH)4 1.5mM concentration, accumulation of Fe-mobilizing compounds in roots and 2013
Cucumber root activity of Fe acquisition,

1 leaf area, leaf dry matter, shoot Ca accumulation, roots and shoot Si
accumulation, phenol, carotenoids ascorbic acid and chlorophyll
icari concentration, Fv/Fm i
Eruc;(\)/cekseltcarla Brassicacea Calcium Na2Sio 2.5 mM da SZI(I)VZaiet al.,
| electrolyte leakage and accumulated fresh matter loss
No effect on root dry matter
] 1 length of primary and lateral roots, lateral root density, root, stem and
Glycine max L. _ _ leaf dry weight, root/shoot ratio and root, stem and leaf K content. _
Merrill Fabaceae Potassium NazSiOs 2mM Miao et al., 2010
Soybean | electrolyte leakage, oxidative damage, reactive oxygen species and

antioxidant enzymes activity




1 root and leaves Si concentration, total Si uptake per plant, glycolysis
(3PGA and PEP) and TCA cycle (fumarate and citrate) in leaves

| of senescence marker gene HvS40, sugars (glucose and fructose),

Hosseini et al.,

Potassium  NazSiOs 0.5,1mM glycolysis (PEP) and TCA cycle (fumarate) in roots and sugars (glucose 2017
and fructose) in leaves
No effect on root and shoot dry weight, chlorophyll content, starch
Hordeum metabolism and ABA concentration
vulgare L. Poaceae
Barley 1 Si concentration in roots and shoots, NOs™ concentration in shoots
and primary metabolism (total amino acids, glucose, and sucrose) in
roots and shoots,
Si(OH)4 ) ) Maillard et al.,
Sulphur 1.5mM | shoot fresh weight, root to shoot ratio, chlorophyll content, of 2018
senescence marker gene HvS40, S and SO.2 concentration in shoots,
GSSG:GSH ratio in roots and ABA concentration in roots
No effect on root fresh weight and relative water content
1 Si levels, dry biomass, lignin content in shoots and grain yield
Oryza sativa L. . Not 3.45g L™
yzas Poaceae Nitrogen ” 9 | Leaf electrolyte leakage Deus et al., 2020
Rice specified
No effect on transpiration rate, net CO2 assimilation rates and on the
levels of P and N in shoots
1 Si accumulation,
Saccharum i i .
ar ] | antioxidant enzymes activity Oliveira et al.
officinarum L. Poaceae Manganese Na2Sio 2.0 mM IV2(;21 '
Sugarcane No effect on leaf area, dry matter, Mn accumulation, Mn efficiency use,

lipid peroxidation, protein, total phenol, carotenoid, chlorophyll a and b
content, Fv/Fm




Saccharum
spontaneum L.
Energy cane

1 leaf area, dry matter, Si and Mn accumulation, Mn efficiency use,
protein, total phenol, carotenoid, chlorophyll a and b content, Fv/Fm,
antioxidant enzymes activity

| lipid peroxidation

1 dry weight, stomatal conductance, transpiration rate, photosynthetic
rate, leaf relative water content, leaf osmotic potential, total K*uptake,
whole-plant hydraulic conductance, Root hydraulic conductance, xylem

Potassium  HSiOs 1 mM sap K* concentration and K* osmotic potential contribution Chenetal,
2016b
| leaf water potential and osmotic potential in xylem sap i
No effect on root/shoot ratio and K concentration,
Sorghum 1 total dry weight, photosynthetic rate,F./Fm, soluble protein content,
bicolor (L.) Poaceae chlorophyll content and chlorophyll a/b,
Moench Chen et al
Sorghum Potassium H2SiOs 1mM | arginine accumulation, diamine oxidase and polyamine oxidase 2016a ”
activity, reactive oxygen species and antioxidant enzyme activities
No effect on K* concentration in leaves
1 Stem diameter, plant height and shot dry matter, Si and P
_ accumulation, higher efficiency of P absorption, relative chlorophyll Silva and Prado
Phosphorus ~ NazSiOs 1.5mM index, phenolic compounds and Fv/Fm 2021
| electrolyte leakage
Triticum 1 Dry biomass, citrate and malate exudation, shoot P concentration,
aestivum L. Poaceae Phosphorus Naz2SiOs 400 mg/kg total P uptake and relative expression of genes encoding inorganic P Kostic et al., 2017
Wheat transporters in roots




2 mM (via
nutrient
Potassium K2SiO3 solution), 5.3
mM (via foliar
spray)

1 shoot dry weight, total dry matter, root and leaf area, root and stem
diameter, root and shoot length, K use efficiency, Si concentration, total
chlorophyll and carotenoid content, photosynthesis, transpiration rate,
stomatal conductance, relative water content and water use efficiency

| electrolyte leakage

No effect on root dry matter and K concentration

dos Santos Sarah
etal., 2022

Zea mays L.

. Poaceae
Maize

Magnesium  Si(OH)4 1.5,5mM

1 shoot fresh weigh, chlorophyll levels, Si content, accumulation of
soluble sugars in shoots, stress amin oacids (GABA, glycine, serine) in
shoots, organic acids (isocitric acid and glutamic acid), polyamines
synthesis (putrescine) and phytohormones levels (cytokinins and
jasmonates)

| root fructose and sucrose concentration

No effect on root dry weight, uptake and/or translocation of Mg, root
glucose concentration and root GABA, glycine and serine concentration

Hosseini et al.,
2019

1 (increase) or | (decrease) compared to nutrient deficiency treatments without Si application.
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Young tomato plants respond differently under single or
combined mild nitrogen and water deficit: an insight on morpho-

physiological responses and primary metabolism

Abstract

This study aimed to understand the morphophysiological responses and primary metabolism
of tomato seedlings subjected to mild levels of nitrogen and/or water deficit (50% N and/or
50% W). After 16 days of exposure, plants grown under the combined deficit showed similar
behavior to the one found upon exposure to single N deficit. Both N deficit treatments resulted
in a significantly lower dry weight, leaf area, chlorophyll content, and N accumulation but in a
higher N use efficiency when compared to control (CTR) plants. Moreover, concerning plant
metabolism, at the shoot level, these two treatments also responded similarly, inducing higher
C/N ratio, nitrate reductase (NR) and glutamine synthetase (GS) activity, expression of
RuBisCO encoding genes as well as a downregulation of GS2.1 and GS2.2 transcripts.
Interestingly, plant metabolic responses at the root level did not follow the same pattern, with
plants under combined deficit behaving similarly to W deficit plants, resulting in enhanced
nitrate and proline concentrations, NR activity, and upregulation of GS1 and NR genes than
in CTR plants. Overall, our data suggest that the N remobilization and osmoregulation
strategies play a relevant role in plant acclimation to these abiotic stresses and highlight the

complexity of plant responses under a combined N+W deficit.

1. Introduction

Water scarcity and nitrogen (N) over usage are two of the most serious bottlenecks to
the sustainability of the agricultural sector (Fernandes et al., 2022). This sector uses about
80% of the total available freshwater (which is becoming increasingly scarce), as well as
high amounts of N fertilizer, with their total required amounts projected to double by 2050
(Esteban et al., 2016a; Liang et al., 2019; Elbehri, 2015). However, in general, crops only
take up 40-50% or less of the applied N (Coskun et al., 2017a; Wang et al., 2019; Coskun
etal., 2017b), with the rest being lost to the environment consequently leading to a negative
impact on soil, groundwater and freshwater bodies, ecosystems, and climate (Liu et al.,
2016; Wang et al., 2019). To enhance the sustainability of food production systems, the
European Green Deal (2020) has established as targets for 2030 a reduction by at least
20% in the use of fertilizers and by 50% in nutrient losses in an attempt to contribute to
reducing N leaching and improving water quality (Schebesta and Candel, 2020).
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Tomato (Solanum lycopersicum) is one of the most cultivated vegetable crops
worldwide (Heuvelink et al., 2020). In Europe, tomato production was valued at Euro 7.3
billion in 2017, accounting for 21% of the value of the total fresh vegetable production (AD,
2019). However, its production relies on high fertilizer inputs and regular irrigation for
maximum yield (Sandhu et al., 2021), with most commercial tomato cultivars being quite
sensitive to water deficit and N deficiency at all stages of plant development (Du et al.,
2018; Heuvelink et al., 2020). Thus, considering the increased consumption of fresh tomato
and tomato-derived products (AD, 2019), the development of strategies focused on the

rational use of water and fertilizers in tomato production is highly required.

Several studies have demonstrated that both stresses, when individually imposed,
negatively impact leaf and root morphological traits, affecting overall plant growth rates
(recently reviewed by Machado et al., 2022). Furthermore, both stresses are known to have
a severe impact on metabolic pathways, including osmotic adjustment, decreased nutrient
uptake, and photosynthesis, either due to stomatal closure and/or metabolic damage
(Gonzalez-Dugo et al., 2010; Ding et al., 2018). Among the osmolytes produced, proline is
known to accumulate at high levels in response to osmotic and many other abiotic stresses,
including N deficiency (Szabados and Savouré, 2010; Hayat et al., 2012; Bradford, 1976).
Beyond that, several enzymes and genes involved in N metabolism and assimilation are
known to be affected by N or water deficit (Kavoosi et al., 2014; Lemaitre et al., 2008; Nacry
et al., 2013; Plett et al., 2020). N assimilation in plant tissues requires the reduction of
nitrate (NO3”) by nitrate reductase (NR; EC 1.7.1.1), generating nitrite (NO>"), which is
further enzymatically reduced to ammonium (NH.%). This last form can be directly
assimilated by glutamine synthetase (GS; EC 6.3.1.2) into glutamine or be oxidized back
to NO,™ (Cao et al., 2018). The bioavailability of N in soil depends on the water status (Végh,
1991); therefore, under drought, N uptake can be reduced in some crops (reviewed
by Gonzalez-Dugo et al., 2010), including tomato (Sanchez-Rodriguez et al., 2011c). In
line with this, Sdnchez-Rodriguez et al. (2011a) reported that moderate water deficit also
decreased the NOs™ content in tomato cultivars sensitive to drought, as well as NR activity.
This decrease in tomato NR activity was also reported by Hayat et al. (2012), suggesting
that both factors can interact with each other and that their combined action may induce a

different plant response (Gonzalez-Dugo et al., 2010; Ding et al., 2018; Plett et al., 2020).

Indeed, recent studies have shown that plants’ physiological and molecular responses
to several combined stresses (nhamely chilling and drought, drought and heat, or salinity
and heat) can be unique and contrasting to those observed under single stresses (Zhou et
al., 2017; Hussain et al., 2018; Sousa et al., 2022). Machado et al. (2023) also found that
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tomato plants were able to employ different acclimation strategies to cope with combined
N and water deficits, resulting in a significantly higher total antioxidant capacity and
enzymatic activity compared to single deficits. Nonetheless, although the effect of single N
and water deficits have been broadly studied in different species, research focused on the
effect of combined N and water deficit is still very scarce but urgently needed to promote
the efficient use of these two highly valuable crop inputs (Machado et al., 2023; Ruggiero
et al., 2022).

Based on these premises, the present study aims at contributing to a better
understanding of the mechanisms behind the acclimation strategies of young tomato plants
when subjected to single or combined N and water deficit. A focus was given to the morpho-
physiological responses and the primary plant metabolism through the analysis of a large
number of parameters, including (i) morphological traits; (ii) physiological responses (water
relations, stomatal responsiveness; (iii) plant metabolism [concentration of proline, total
soluble protein, N, C, and NO3™ as well as N metabolism-related enzymes (NR and GS
activity)]; and (iv) transcript accumulation of C (rcbL and rcbS) and N (GS1, GS2.1, GS2.2,
and NR) metabolism-related genes. We hypothesize that there is a cross-talking between
N and water uptake; therefore, plants will respond differently to single deficits compared to

combined deficits.

2. Material and Methods

2.1. Plant material and growth conditions

The experiment was carried out in a growth chamber (temperature: 25 °C Day/23
°C night; relative humidity: 70%; photosynthetic photon flux density (PPFD): 300 umol/m?/s;
photoperiod: 16 h light) according to a complete randomized design.

Seeds of Solanum lycopersicum cv. Micro-Tom were sown in trays filled with
commercial germination potting substrate (SIRO, Portugal). At the third leaf stage
(approximately three weeks after sowing), seedlings were selected for uniformity to be
transplanted to single-plant pots (10 cm high, 10 cm diameter) filled with 0.1 to 1.5 mm-
grade vermiculite (60 g). These tomato seedlings were divided into four groups for applying
the following treatments: control (CTR; 10.5 mM N; 100% field capacity), nitrogen deficit
(N; 5.3 mM N), water deficit (W; 50% field capacity), and combined stress (N+W; 5.3 mM
N; 50% field capacity). Since we aimed at having a progressive water deficit, as seedling
transplanting is a critical phase of the cultivation period, just prior to transplanting, all pots
were irrigated to field capacity (FC), determined using the soil gravimetric water content

method (Machado et al., 2023). This corresponded to 300 mL of the respective nutrient
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solution applied to each pot [CTR and W deficit treatments: 10 mM NO3~; 0.5 mM NH,*; 1.9
mM H,PQO4; 6.1 mM K*; 3.6 mM Ca?*; 1.6 mM S04, 2.5 mM Mg?*; 2.6 mM CI~; 0.5 mM
HCOs™ (pH of 6 and E.C. of 2.50 dS/m); N deficit and N+W deficit treatments: 5 mM NO3~;
0.3 mM NH4*; 1.9 mM H,POg; 6.1 mM K*; 3.6 mM Ca?*; 4.8 mM SO.?; 2.8 mM Mg?*; and
5.5 mM CI7; 0.5 mM HCO3™ (pH 6 and E.C. of 2.80 dS/m)]. Both nutrient solutions had the
following micronutrient composition: 35 yM Fe-EDDHA; 10 uM Mn?*; 20.1 uM B; 0.9 uM
Cu?*; and 5.0 yM Zn?*; 0.5 yM MoO.?". Following seedling transplanting, all pots were
covered to prevent evaporation, and no more nutrient solution was added until the end of
the experimental period. Concerning further water supply, each pot from the CTR and N
deficit treatments was daily weighted and rewatered (with distilled water) to maintain FC at
100% throughout the trial. In contrast, in W and N+W deficit treatments, no additional
irrigation was given to the plants, resulting in a progressive decrease of substrate FC. Ten
days after transplanting, five plants from each treatment were randomly collected. The
average fresh weight of these plants (per treatment) was subtracted from the total pot
weight (per treatment) to calculate the actual weight of the water/nutrient solution present
in the pot (which corresponded to 75% FC for Treatment W deficit and N+W deficit). The
experiment stopped when plants subjected to single or combined water deficits reached
50% of FC (corresponding to 16 days after transplanting).

At harvest, an analysis of the morphological and physiological parameters was
performed (n = 6). The remaining nine plants were separated into roots and shoots and
immediately frozen in liquid nitrogen, macerated (n = 3, each biological replicate consisting
of a pool of three individual plants), and subsequently, stored at —80 °C for further use in
biochemical and molecular analyses.

2.2. Plant growth and physiological parameters

At the end of the experimental period, several plant biometric traits were measured.
The maximum root length was recorded, and the total leaf number only took into account
leaves with more than 1 cm in length. The total leaf area was measured using an LI-3100C
area meter (LI-COR, Lincoln, Nebraska, USA). The dry weight (DW) of leaves, stems, and
roots were determined separately (48 h at 105 °C in a ventilated oven). Specific leaf area
(ratio of leaf area to leaf dry weight; cm?/g dw), leaf weight ratio (ratio of leaf dry weight to
total dry weight; g/g dw), leaf area ratio (ratio of leaf area to total dry weight; cm?/g dw), and
shoot-to-root ratio (ratio of shoot-to-root dry weight; g/g dw) were calculated according to
the “classical approach” described by Hunt (2012).
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Leaf chlorophyll content was measured on the youngest fully expanded leaf using
the non-destructive chlorophyll meter SPAD (Konica Minolta SPAD-502 model, Minolta,
Tokyo, Japan).

N use efficiency and N accumulation were calculated as follows: ratio of total plant
DW to total N applied (g dw/g N applied) and coefficient between the total N concentration
in all plant tissues and the total DW of the plant (mg N).

Plant water status was estimated by measuring shoot water potential (¥; MPa) 2 h
before the photoperiod, using a Scholander pressure chamber. Water use efficiency
(mg/mL) was calculated as the ratio between total plant DW (mg) and water consumption
per plant (mL).

Stomatal responsiveness to leaf desiccation was assessed gravimetrically following
the method described by Carvalho et al. (2017). In short, the youngest fully expanded leaflet
of each plant was detached at the onset of the light period. Immediately after excision,
leaflet petioles were recut under water and placed in flasks filled with degassed water.
Leaflets were further incubated for 2 h to establish their saturated fresh weight. After
rehydration, the leaflets were allowed to desiccate for 4 h on a bench. Leaflet weight was
gravimetrically recorded every 5-10 min for 4 h. Following the evaluation of stomatal

responsiveness, leaflet area (using Image J; https://imagej.nih.gov/ij/, accessed on 15

December 2021) and dry weight were measured. The transpiration rate was calculated
according to Equation (1), and for the calculation of the RWC, Equation (2) was employed.

In both measurements, one leaflet per plant was evaluated for six plants per treatment.

(Aleaflet fresh weight (g))
molar mass water (g mol™1)

Transpiration rate (mmol m? s?) = ( x 1000 (mmol mol‘1)>/

measurement interval (s) / leaflet area (m?) 1)

RWC = fresh weight —dry weight % 100 (2)

saturated fresh weight —dry weight

2.3. Plant Metabolism
2.3.1. Proline and Protein Quantification
Proline concentration was quantified spectrophotometrically in frozen roots
and shoots (250 mg), according to the method of Bates et al. (1973). Briefly, after reading
sample absorbance at 520 nm, proline levels were calculated through a standard curve
previously prepared with known concentrations of proline and expressed in terms of fresh
weight (FW).
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The extraction of total soluble protein was performed under cold conditions
according to Fidalgo et al. (2011), using 250 mg of frozen roots and shoots. After
centrifugation, the supernatant was collected, and the soluble protein concentration of each
sample was determined by the Bradford method (Bradford, 1976). Results were calculated
from a standard curve prepared with solutions of known concentration of bovine serum

albumin (BSA) and expressed on an FW basis.

2.3.2. Total nitrogen (N), carbon (C), nitrate (NO3) quantification
These analyses were performed by an external lab (A2 Andlises Quimicas
Lda, Guimarédes, Portugal). The N and C concentrations were determined using the
DUMAS method based on ISO-16634-1 (ISO, 2008). The NO3™ quantification samples were
macerated and extracted with water and quantified by the potentiometric method based on
the methods described by Mills and Jones Jr (1996).

2.3.3. Extraction and quantification of N metabolism-related enzymes

The quantification of nitrate reductase (NR; EC 1.6.6.1.) activity was
performed in roots and shoots by spectrophotometry according to the method of Kaiser and
Brendle-Behnisch (1991). NR activity was estimated using NADH extinction coefficient
(6,22 mM* cm™) and expressed as mmol/min for each mg of protein.

Glutamine synthetase (GS; EC 6.3.1.2.) activity was determined following the
protocol of Shapiro and Stadtman (1970), using frozen roots and shoots. The activity was
determined by the transferase assay, based on a colorimetric assay, by recording the
absorbance at 500 nm. After measuring the absorbance, the activity of GS was calculated

and expressed as a nkat/mg of protein.

2.3.4. Gene expression quantification analysis of RuBisCO and N metabolism-
related genes

The transcript levels of rcbS, rcbL, GS1, GS2.1, GS2.2, and NR genes were

evaluated by quantitative real-time PCR in roots and shoots. Total RNA was extracted from

frozen roots and shoot tissues (ca. 100 and 50 mg, respectively) using the RNeasy Plant

Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. RNA yield

was quantified using a NanoPhotometer (Implen GmbH, Munchen, Germany), and its

integrity was checked by agarose gel electrophoresis. Single-stranded cDNA was

synthesized using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) according to

the manufacturer’s instructions in a Doppio Thermal Cycler (VWR, Oud-Heverlle, Belgium).
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Primers for GS1, GS2.1, and GS2. genes were selected using Primer-BLAST from NCBI

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 15 January 2022.) for an

expected PCR product of 70-150 bp and primer melting temperatures between 57 and 63
°C, whereas primer sequences for rcbL, rchS, and NR genes were obtained from previous
studies (Mariz-Ponte et al., 2021; Jin et al., 2009). The primer sequences for each gene

are listed in Table 1.

Table 1 - Primer sequences (Forward and Reverse) and annealing temperature (T ann) Of target genes used for RT-gPCR analysis.

Gene Primer sequence (5-3") Tann.
(Accession number) Forward Reverse
rcbL ATC TTG CTC GGG AAG GTA TCT TTC CAT ACC TCA CAA 55.9
ATG GCAG
rchs TGA GAC TGA GCA CGG ATT TTT AGC CTC TTG AAC CTC 55.7
TG AGC
GS1 ACA GCA CCA AGT CGA TGA TGATGT TGG CTG TTT CGT 58.8
NM_001319855.1 GG GC
Gs2.1 57.7
NM_001323669.1 TGC ATT GTC CAC TTAGTT TTC AGC ACC ACA GAG CTC
GGTT CA
Gs2.1 TGC ATT GTC CAC TTA GGA CAC CAC AGA GCT CCA CAT 56.2
NM_001323670.1 GGT CTT
NR CAA GCA ATC CAT CTC CCA T CAT CTC TE(‘BI'(,;A'I/:\C GTCTTC 53.3

Reverse transcription polymerase chain reactions (RT-gPCR) were performed
on a thermal cycler CFX96 Touch Deep Well Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc, California, USA) and data visualized with the software Bio-Rad CFX
Manager 3.1. The amplification protocol cycle was 95 °C for 3 min and 40 cycles at 95 °C
for 15 s, 30 s at each primer pair optimal annealing temperature (Table 2), and 72 °C for
30 s. Amplifications were carried out using a final volume of 20 L, which consisted of 1 pL
of the primer forward and 1 uL of the primer reverse (both at 6 uM), 10 pL of 2x iQ SYBR®
Green Supermix (Bio-Rad, CA, USA), and 8 pL of a 1:100 dilution of the template cDNA.
Melt curve profiles were analysed for each tested gene. The comparative CT method
(AACT, Livak and Schmittgen, 2001) was used for the relative quantification of gene
expression values using ubiquitin (UBI) and TIP41-like protein (TIP41) genes as control
transcript and the control plants as the reference sample. For relative gene expression
analysis, the fold change with biological significance was considered to be lower than 0.5
(downregulation) or higher than 2 (upregulation) (Vaerman et al., 2004), and for each of the

three biological replicates and target genes, two technical replicates were analysed.
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2.4. Statistical analysis

For each analysis performed, there was a different number of biological
replicates (specified in section 2.1). Results were expressed as mean * standard error of
the mean (SEM). Data were subjected to a one-way analysis of variance (ANOVA), followed
by Tukey's post-hoc test, whenever significant differences were found (p=0.05).
Additionally, a Principal Component Analysis (PCA) with Varimax rotation was performed
to establish the relationship among the variables which showed significant differences
among treatments. Data included in the PCA (n=6 for plant growth and n=3 for plant
metabolism) was mean-centered and weighed with the inverse of the standard deviation
before performing this analysis to guarantee that all variables had the same weight when

building the model. All statistical analyses were performed in IBM SPSS Statistics 26.

3. Results

3.1. Plant growth and physiological parameters

Exposing young tomato plants for 16 days to single or combined mild N and water (W)
deficit significantly impacted several morphological traits (Table 2). For instance, total dry
weight (DW) and shoot DW were significantly lower in plants subjected to single or combined
N deficit (resulting in a 27% decrease in total DW and up to 32% decrease in shoot DW
compared to CTR plants). Plants exposed to single W deficit did not differ significantly from
the CTR plants in those traits. In terms of root DW, no significant effects were found when
comparing the CTR plants with the ones grown under different deficits. Taking into account
the dry matter partitioning, plants under W deficit (single or combined) significantly invested
more in their roots (leading to a 30% and 33% lower shoot-to-root ratio compared to CTR
plants) and reduced the partitioning towards their leaves (resulting in significantly lower leaf
weight ratio). Moreover, plants grown under N deficiency (single or combined) showed a
significantly lower leaf area (31 and 36% decrease) and leaf chlorophyll content (14% and
18% decrease) when compared to CTR plants (Table 1). In contrast, leaf area ratio and
specific leaf area did not significantly change with any of the imposed deficits (Table 2).
Additionally, plant height and its components (internode number and average internode
length), as well as root length, did not respond to any of the studied deficits.

Finally, concerning the indicators of N and W use capacity, significant differences were
found in the former. Plants subjected to N and N+W deficit had up to 50% lower N
accumulation and up to 47% higher N use efficiency (NUE) than plants grown under CTR or

W deficit conditions. The N accumulation of plants subjected to W deficit was 39% and 120%
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higher than in CTR and N+W deficit plants (Table 2). Water use efficiency (WUE) and shoot
water potential were not significantly influenced by the studied N and W deficits (Table 2).

Table 2 — Morphophysiological responses of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100%
W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit

(N+W; 5.3 mM N+ 50% W). Abbreviations: DW = dry weight, Av. = average; Wshoot = shoot water potential.

Parameters CTR N deficit W deficit N+W deficit p-value
Total DW (g) 0.774+0.0512 0.567+0.040° 0.750+0.0282 0.566+0.0370 0.0010
Shoot DW (g) 0.592+0.0372 0.429+0.029®  0.536+0.030%  0.402+0.029" 0.0009
Root DW (g) 0.182+0.016%  0.138+0.012b 0.214+0.0132  0.164+0.011% 0.0035
Shoot-to-Root 3.65£0.15° 3.14£0.09% 2.560.22° 2.46£0.11° <0.0001
Ratio (g g* dw)
Leaf Weight Ratio 0.62+0.01 0.60+0.01 0.55+0,02° 0.55+0.01° 0.0012
(9 g™ dw)
Leaf Area (cm?) 61.29+2.942 42.08+2.50° 58.94:+2.242 39.40+2.76" <0.0001
Specific Leaf Area 130+9.91 125+4.69 143+5.42 125+6.52 0.1092
(cm? gt dw)
Plant Height (cm) 9.00£0.73 8.83+0.48 10.67+0.61 9.3340.56 0.1606
Internode Number 6.17+0.40 6.00+0.37 6.83+0.40 5.83+0.31 0.2728
Av.Intemode 1.48+0.14 1.49:0.10 1.56+0.04 1.61+0.11 0.7753
Length (cm)
Root Length (cm) 23.5+1.71 26.0+2.12 26.4+0.51 24.2+2.85 0.7162
Chiorophyll 61.740.422 53.0+1.28" 61.040.55 50.82+0.98" 0.0888
Content (SPAD)
Nitrogen Use
Efficiency (g dw gt 14.9+2.15b 26.4+1.942 17.00.65° 25.7+1.682 0.0001
N applied)
Nitrogen 11.6+1.03b 7.58+0.79c 16.15+0.88 a 7.38+0.44c 0.0002

accumulation (mg)
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Water Use
Efficiency (mg dw 3.50+0.12 3.73+0.21 4.02+0.13 3.46+0.14 0.0682
mL1)
Wshoot (Bar) -4.67+0.40 -5.50+0.18 -5.05+0.59 -4.67+0.42 0.4725

Data presented are mean + SEM (n = 3 for nitrogen use efficiency and nitrogen accumulation and n =6 for all the
other parameters). Different letters above indicate significant differences according to the Tukey’s HSD test
(p=0.05).

When analysing the transpiration rate dynamics during 4 h of leaflet desiccation, it was
found that plants grown under water shortage conditions (single or combined) had a lower
initial transpiration rate (up to 55%), particularly in comparison with plants grown under CTR
conditions (Figure 1a). Nonetheless, the CTR plants showed a higher rate of stomatal closure
in response to leaf desiccation (Figure 1b), which explains the lack of significant differences

among treatments concerning the RWC after 4 h of leaf desiccation (Figure 1b, insert).
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Figure 1 - Transpiration rate as a function of time (a) and of relative water content (b) (RWC; insert) in detached leaflets of
tomato cv. Micro-Tom grown for 16 days under control (CTR; black; 10.5 mM N + 100% W), nitrogen deficit (N; dark grey; 50%
N + 100% W), water deficit (W; light grey; 5.3 mM N + 100%W) or combined N and water deficit (N+W; white; 5.3 mM N+ 50%
W). Data presented are mean + SEM (n = 6). n.s. above bars indicate non-significant differences according to according to the
Tukey’s HSD test (p = 0.05).

3.2. Plant Metabolism

3.2.1. Proline and Protein concentration

Proline concentration in the roots was considerably higher in plants grown under single
(504%) or combined (298%) W deficit in relation to CTR, but with no significant differences
between them (Figure 2a). In the shoots, the concentration of this osmolyte was only

significantly increased in plants subjected to single W deficit, resulting in up to 193% higher
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levels compared to CTR or N+W deficit plants. In contrast, young tomato plants grown under
N deficit showed 41% lower proline concentration compared to CTR conditions (Figure 2b).
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Figure 2 - Proline concentration in roots (a) and shoots (b) of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5
mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and
water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3). Different letters above bars indicate significant
differences according to the Tukey’s HSD test (p = 0.05).

Total soluble protein concentration was significantly lower in the roots of plants
exposed to N+W deficit compared to W deficit (30% decrease) (Figure 3a). Shoot protein
concentration was significantly higher for plants grown under W deficit (70% and 113% higher
compared to CTR and N+W-deficit plants, respectively), whereas the other treatments did not

differ from each other (Figure 3b).
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Figure 3 — Total soluble protein concentration of roots (a) and shoots (b) of tomato cv. Micro-Tom grown for 16 days under
control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or
combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3). Different letters above
bars indicate significant differences according to the Tukey’s HSD test (p = 0.05).
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3.2.2. Total N, C, NO3™ quantification

Root C concentration reached the lowest level in W-deficit plants, having 13% less C than
CTR plants (Figure 4a). Contrarily, in the shoots, the highest C concentration was found in W
deficit (Figure 4b). Single W deficit led to the highest levels of N concentration both in roots and
shoots (18% and 33% higher, respectively, compared to CTR) (Figure 4c,d). Furthermore, when
analysing C and N balance, it was shown that the C/N ratio reached the lowest values in the roots
and shoots of W-deficit plants, decreasing by 28% and 39%, respectively, when compared to the
combined N+W deficit (Figure 4e,f).
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Figure 4 — Total carbon concentration in roots (a) and shoots (b), total nitrogen concentration in roots (c) and shoots (d) and
carbon to nitrogen (C/N) ratio of roots (e) and shoots (f) ) of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5
mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and
water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3). Different letters above bars indicate significant
differences between treatments according to the Tukey’s HSD test (p=0.05).
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W deficit alone or combined with N deficit significantly increased root NO3~
concentration (137 and 100% increase in relation to CTR, respectively). The differences in the
NOs~ concentration at the shoot level were far less pronounced, with no significant differences

found between N+W treatment and the respective single deficits (Figure 5b).
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Figure 5 — Nitrate (NO3’) concentration in roots (a) and shoots (b) of tomato cv. Micro-Tom grown for 16 days under control
(CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined
nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3). Different letters above bars
indicate significant differences according to the Tukey’s HSD test (p=0.05).

3.2.3. Nitrate reductase and glutamine synthetase activity

N metabolism and assimilation were evaluated by the quantification of the total activity
of NR and GS. Under N deficit, root NR activity was significantly lower as compared to all the
other growth conditions (e.g., 29 and 37% decreases in relation to CTR and N+W,
respectively; Figure 6a). However, in the shoots, the activity of this enzyme did not differ in
plants grown under single or combined N deficit, although both treatments presented
significantly higher enzyme activity (up to 119%) when compared to CTR and W-deficit plants
(Figure 6b).

The GS activity in the roots was below the limit of detection for all treatments, whereas
in the shoots, it was found the same pattern as the shoot NR activity, i.e., with the W-deficit
plants being similar to CTR plants and N+W plants having a similar shoot GS activity
compared to the N-deficit plants (Figure 6c¢).
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Figure 6 — Nitrate reductase (NR) activity in roots (a) and shoots (b) and glutamine synthase (GS) activity in shoots (c) of tomato
cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water
deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean

+ SEM (n = 3). Different letters above bars indicate significant differences according to Tukey’s HSD test (p = 0.05). GS activity
was not detectable in roots (i.e., below the limit of detection of the method).

3.2.4 RuBisCO and N metabolism-related genes

Among the two studied RuBisCO metabolism-related genes, rcbhS was the most
affected. Its expression level was upregulated by 5.7 and 5.8-fold in plants subjected to N or
N+W deficit, respectively, compared to the CTR (Figure 7). rcbL expression followed the same

pattern but with a lower magnitude of change, resulting in an upregulation of 2.3-fold and 2.5-
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fold when plants were exposed to single or combined N deficit (Figure 7). In contrast, under
W deficit none of these gene expression patterns were significantly impacted (Figure 7).

GS1 expression in the roots was significantly higher in plants grown under W and N+W
deficit (2.7- and 2.5-fold, respectively). In shoots, GS1 transcriptional levels were only
significantly higher in plants exposed to W deficit (1.9-fold), but GS2.1 was significantly
downregulated in roots of plants grown under N shortage (0.4-fold for N and 0.7-fold for N+W
plants). Moreover, W deficit upregulated GS2.2 in roots (2.2-fold increase) (Figure 7), while in
shoots it was downregulated in plants suffering from N and N+W deficit (0.4 and 0.3-fold).
From the studied genes, NR was the most affected in roots (Figure 7). W deficit led to the
highest upregulation (an increase of 40-fold), followed by N+W (23-fold increase) and N deficit
(an increase of 4.9-fold).

ROOT SHOOT
* *
o rebL 2.33 1.75 254
Q
@ 1
E
o rcbS 1.64
w 2
. (L]
GS1 1.86 1.39 E
T
O 3
o
= o |
D | Gs21 1.33 0.61 E
]
(e}
ﬁ 4
E GS2.2 0.85
u : :
Z 5
NR 1.11 0.83
>6
® &

TREATMENT

Figure 7 — Relative fold of expression of RuBisCO and N metabolism-related genes in tomato cv. Micro-Tom roots and shoots
as affected by nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water
deficit (N+W; 5.3 mM N+ 50% W). The 2-AACt values against the control are shown. * above mean values indicate significant
differences compared to the control according to the t-Test (p = 0.05). Green indicates downregulation and red upregulation
compared to the control plants. White indicates that gene expression was maintained at levels identical to the CTR.
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3.3. Principal Component Analysis

In order to determine how all the analysed variables explain the differences among the
four treatments, a PCA was performed (Figures 8 and 9). Results showed that, concerning
plant growth, the two first components accounted for 56% and 25% of the variance. Moreover,
N and N+W treatments shared more similarities among them than with plants from CTR and
W treatments, with the former treatments being characterized by lower chlorophyll content
(SPAD), shoot DW, leaf area, total DW, N assimilation, and root DW and by a higher NUE.
Additionally, CTR and N deficit plants were mostly associated with higher leaf weight ratios

and shoot-to-root ratios (Figure 8).
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Figure 8 — Principal component analysis (PCA) of the plant growth parameters evaluated in tomato cv. Micro-Tom grown for 16
days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50%
W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). The two principal components together (PC1, PC2)
explained 80% of the total variance found among treatments. Details on the abbreviations are given in Material and Methods.

Concerning plant metabolism, the first component accounted for 70 and 59% of the
variance in roots and shoots, respectively, and the second for 17 and 20%, respectively
(Figures 9a and b). In the roots, CTR and N deficit were the treatments sharing more
similarities, having an opposite behaviour to the W and N+W deficit groups. Indeed, roots from
plants grown under single or combined W deficit were associated with enhanced NO;™ and

proline concentrations, NR activity, and GS1 an NR expression, but with a lower C
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concentration (Figure 9a). The CTR and W deficit were associated with a higher GS2.1 and
GS2.2 transcript-levels and N concentration (Figure 9a). In shoots, N and N+W groups
showed a higher C/N ratio, NR and GS activity, and a higher rcbS and rcbL transcript-levels
together with a lower N concentration and expression of GS2.1 and GS2.2 genes. The W
deficit was closely associated with higher NO3~, proline, and protein concentrations alongside

increased transcript-levels of GS1 (Figure 9b).
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Figure 9 — Principal component analysis (PCA) of the plant metabolism in roots (A) and shoots (B) evaluated in tomato cv.
Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit
(W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). The two principal components
together (PC1, PC2) explained 87% and 79% of the total variance found among treatments in roots and shoots, respectively.
Details on the abbreviations are given in Material and Methods.
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4. Discussion
4.1. Effect of combined N and Water deficit on plant growth and physiological

parameters

It is well known that plant responses to abiotic stresses significantly differ at various
organizational levels, depending upon the intensity and the duration of the imposed stress, as
well as on the plant species and its developmental stage (Shao et al., 2008; Nemeskéri et al.,
2019). Although in our study we have applied a gradual and mild deficit throughout the
vegetative cycle of tomato, several important growth-related traits, such as total DW, shoot
DW, root DW, shoot-to-root ratio, leaf area, leaf weight ratio, chlorophyll content, NUE, and N
accumulation were severely affected by at least one of the imposed deficits (Table 2, Figure
8). In contrast, some of the studied plant growth-related traits, such as plant height, root length,
internode number, internode length, leaf area ratio, specific leaf area, WUE, and shoot water
potential, known to be severely affected under N or drought stress (Khan et al., 2020;
Sibomana et al., 2013; Khan et al., 2015), were not significantly affected in this study (Table
2). Nonetheless, it is expected that if the trial had been prolonged, these deficits would have
become more severe and treatment effects more evident due to the longer duration of the
imposed stresses.

Integrating all the studied growth traits in a PCA revealed considerable variability
among treatments, with the two principal components explaining 80% of the variability (Figure
8). The PCA showed that plants exposed to the N+W deficit behaved similarly to plants
exposed to the single N deficit, having a lower total DW, shoot DW, root DW, leaf area,
chlorophyll content, and N accumulation as well as a higher NUE. This suggests that in plants
grown under a combined N+W deficit, the N deficit had a more predominant impact on the
studied growth traits than the W deficit (Figure 8). Additionally, W-deficit plants were more
similar to plants grown under CTR conditions (Figure 8), suggesting that the level of water
deficit imposed in this study was not severe enough to negatively impact the growth of young
tomato plants.

Due to the stronger negative effect of water deficit on shoots than root growth, the
shoot-to-root ratio tends to decrease with drought (Moles et al., 2018; Du et al., 2018).
Because roots contain much lower concentrations of N than aboveground biomass, Gonzalez-
Dugo et al. (2010) suggest that this change in the allocation pathway diminishes N needs. Our
results agree with such hypothesis, as the highest decreases in the shoot-to-root ratio were
observed in plants subjected to combined N+W deficit. Additionally, several parameters
related to leaf growth, namely leaf humber, leaf area, leaf area ratio, and leaf weight ratio,
were also reported to be significantly lower in tomato plants exposed to W deficit or N deficit
(Selim and EI-Nady, 2011; Pokluda et al., 2010; Scholberg et al., 2000; Machado et al., 2022).
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In our study, a decrease in leaf weight ratio was observed upon exposure to W and N+W
deficit plants, while leaf area was reduced under N and N+W deficit (Table 2). When facing N
limitation, plants can reduce their leaf area, paired with small changes in leaf N concentration,
or alternatively, can maintain their leaf area and adapt leaf N concentration to N availability
(Vos et al., 2005). Based on the collected data, our results pointed out the first strategy, as a
decrease in leaf area was observed, but no significant differences in leaf N concentration were
found in plants subjected to N and N+W deficit compared to CTR plants (Table 2 and Figure
4b). Additionally, chlorophyll content, which is considered a key indicator of the photosynthetic
capacity (Cannella et al., 2016), is also often substantially decreased after drought exposure
(Baquedano and Castillo, 2006) or when plants face N deficiency due to N partitioning
dependence of the photosynthetic machinery (Bassi et al., 2018). In the present work, total
chlorophyll content was not significantly affected by the W deficit but was significantly
decreased by the N deficit and N+W deficit (Table 2). Other studies also reported that, despite
the stress condition, tomato plants did not significantly change their chlorophyll content, as
observed in other drought-exposed species (Ashraf and Harris, 2013; Tamburino et al., 2017;
Nemeskéri et al., 2019)). Moreover, no evident signs of leaf chlorosis were macroscopically
detected, but the negative effects of N deficit on total chlorophyll content were evident (Table
2). Soval-Villa et al. (2002) reported that N status may be indirectly determined by the
chlorophyll concentration present in leaves, even at early stages, as it is directly correlated to
their N concentration. Thus, we can assume that in this study plants exposed to N deficit
(single or combined) were starting to develop clear N deficiency symptoms.

Furthermore, NUE, an important parameter to benchmark N management, which is
highly dependent on N-remobilization efficiency from senescing leaves (Safavi-Rizi et al.,
2018), and a crucial factor behind early leaf senescence (Zakari et al., 2021), was significantly
increased by N and N+W deficit (Table 2). This higher NUE could have resulted from the ability
of the young tomato plants to efficiently remobilize N as suggested by the lower chlorophyll
content (Table 2), lower N accumulation (Table 2), higher C/N ratio (Figure 4e,f; Figure 9a,b),
and the higher activity of N metabolism-related enzymes in shoots (Figures 6b,d and 9b).
Sanchez-Rodriguez et al. (2011b) reported that water deficit provokes a decline in the
concentration and accumulation of N in four commercial cherry tomato cultivars grown under
W deficit but not in the tolerant cv. Zarina, where an improvement was found. Our results are
in accordance with those observations as we also found significantly higher N accumulation
in plants exposed to W deficit (Table 1, Figure 4a,b). Furthermore, mild W deficit was reported
to promote root growth and consequently nutrient uptake (Khapte et al., 2019), which can be
seen in this study as a tendency for longer roots and significantly higher root dry weight (Table

2). Actually, the stimulation of root length is a common response of plants to water deprivation
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in an attempt to reach deeper soil layers to search for additional water and nutrients (Taiz et
al., 2015)

4.2. Effect of Combined N and W deficit on plant metabolism

The accumulation of solutes to decrease water potential (i.e., osmotic adjustment) is
one of the most common responses of plants to maintain the water potential gradient as the
soil becomes drier (Pirasteh-Anosheh et al., 2016; Blum, 2017; Nahar and Ullah, 2017). Of
these solutes, the most conspicuous accumulation is of proline. Furthermore, proline not only
acts as an osmolyte but also as an antioxidant and a nutritional source, being used as a
metabolic-compatible solute to store and transfer N and C after oxidation (Szabados and
Savouré, 2010; Hayat et al., 2012). In our study, proline levels were also significantly
increased both in roots and shoots of plants grown under W deficit but decreased in shoots of
plants subjected to single N deficit. When the N deficit was simultaneously applied with the
water deficit, proline levels decreased in relation to the single W deficit yet presented higher
levels than in plants only exposed to the N deficit (Figure 2). This result is in accordance with
Szabados and Savouré (2010), who showed that proline accumulates as a compatible
osmolyte during water deficit and then is used as a readily accessible source of N to
compensate for the N deficit. Interestingly, while in roots of N+W deficit plants, the behavior
was more similar to W deficit plants, in shoots, N+W deficit plants were more comparable to
those grown under the single N deficit (Figures 2 and 9a,b).

Variation in protein content is another essential part of plants’ acclimation to changes
in environmental conditions (Kosova et al., 2018; Qazi et al., 2019). Often, to tolerate drought
stress, plants accumulate soluble proteins which help to stabilize the structure of cells and
proteins (Alscher et al., 2002). In addition, drought stress often leads to altered water
homeostasis within the plant, which can be balanced through the enhancement of water
passage through protein membranes, in which aquaporins have a major role (Kapilan et al.,
2018; Afzal et al., 2016). In our study, W deficit significantly increased shoot soluble protein
concentration (Figure 3b). This suggests an accumulation of drought-induced proteins, which
might be somehow related to the above-mentioned physiological processes as an acclimation
response to water limitation, which could improve plant drought tolerance, thus contributing to
the absence of severe effects on the morphological and physiological evaluated traits (Yang
etal., 2021). On the other hand, N deficiency accelerates leaf senescence and the production
of reactive oxygen species, leading to the degradation of macromolecules like proteins and
chlorophylls. Due to the pivotal role of N in protein biosynthesis, N deficiency can reduce
amino acids and protein content, which has been observed in tomato (Urbanczyk-Wochniak

and Fernie, 2005; Khavari-Nejad et al., 2009). In our study, both roots and shoots of N and
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N+W deficit plants tended to have a lower concentration of total soluble proteins (Figure 3).
However, only in plant roots exposed to the combined N+W deficit, the total soluble protein
content was significantly lower (Figure 3a), once again suggesting that stress combinations
can induce unigue responses that cannot be simply extrapolated from the exposure to the
single deficits.

Although under drought conditions, N uptake usually diminishes (Gonzalez-Dugo et
al., 2010), in our study, surprisingly, the N accumulation and concentration increased both in
roots and shoots of plants exposed to W deficit (Table 2, Figure 4c,d). This is in accordance
with the higher amino acids (proline) and total soluble proteins that we also observed in these
plants (Figures 2 and 3). Indeed, drought may increase soil solute concentration, which
promotes nutrient uptake (Gonzalez-Dugo et al., 2010; Plett et al., 2020; Ding et al., 2018).
Furthermore, the availability of C and N is an important factor for the regulation of plant
metabolism and development; however, the ratio of C to N metabolites in the cell has a higher
role in the regulation of plant growth and development than C or N individually (Coruzzi and
Zhou, 2001; Martin et al., 2002). Leaf senescence can be triggered by high C and low N
availability (a typical C/N imbalance) (Aoyama et al., 2014). In our study, the C/N ratio
significantly decreased under the W deficit, disrupting the C/N balance, especially in the roots
(Figure 4a,b). However, the C/N ratio tended to increase in plants exposed to N or N+W stress
(Figure 4e,f). This tendency to increase the C/N ratio suggests that leaf senescence may have
occurred, as previously reported by Aoyama et al. (Aoyama et al., 2014).

Furthermore, under drought conditions, transpiration and turgor losses may cause a
decrease in NO3™ absorption by the roots, as well as a reduction in the translocation from the
roots to the leaves (Foyer et al., 1998; Chen et al., 2015). In our study, NOs~ concentration
increased in roots exposed to W deficit but not in shoots (Figure 5). Sanchez-Rodriguez et al.
(2011a) reported that under moderate water stress conditions, NO3~ significantly diminished
in some tomato cultivars but increased in others, suggesting that this trait might follow a
cultivar-dependent response. Moreover, drought stress also restricts the ability of plants to
reduce and assimilate N through the inhibition of enzymes involved in N metabolism and
assimilation, such as NR and GS (Ferrario-Méry et al., 1998; Robredo et al., 2011). However,
as with NOs~ concentration, we did not detect significant changes in NR activity in plants grown
under W deficit (Figure 6b). Nevertheless, this group of plants presented a significantly higher
NR transcript-level than the CTR plants (Figure 7).As the expression of NO3~ assimilation
genes is highly controlled by the NOs;~ concentration (Kavoosi et al., 2014), the significant
upregulation found in roots of W and N+W-deficit plants is probably correlated with the
significant increase in NO3~ concentration observed in roots of plants subjected to water

shortage (Figures 5a and 7). However, as proteolytic activity increases during exposure to



FCUP | 79
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

water stress, enhanced protease activity has been implicated in the acceleration of protein
turnover, with typical proteinogenic amino acids and proline accumulation occurring in water-
stressed plants (Fukutoku and Yamada, 1984). Accordingly, in our study, the upregulation in
the NR gene was not translated into a clear increase in the enzyme activity (Figures 6a and
7), but increased levels of proline were observed (Figure 3). Thus, we hypothesize that the
increased NO3™ concentration served as an intracellular signal to induce a higher expression
of NR coding genes, but drought-induced effects, probably on enzyme activity and stability,
did not allow a higher catalytic activity of this enzyme. Concerning plants grown under N
shortage, NOs~ concentration was not affected in plants grown under the single N deficit, but
it was increased in roots of plants subjected to the combined N+W deficit, to the same extent
as that of plants grown under single W deficit (Figure 5a). The activity of the NR enzyme is
increased in the presence of low NO3;~ concentrations and starts to decrease at higher
cytoplasmic NOs~ levels (Kavoosi et al., 2014). Therefore, it is not surprising that low levels of
external NOs~ have a positive effect on the NR activity (Kavoosi et al., 2014). In line with this
significantly lower NOz~ concentration (Figure 5a), the upregulation of NR observed in roots of
plants grown under N deficit was considerably lower than in plants grown under W and N+W
combined deficit (Figure 7). In contrast, in plants grown under N deficit, loss of NR protein
occurred even when an increase in NR transcript-level was found (Figures 6a and 7). This can
be explained, for example, by the induction of NR proteases that can occur due to high levels
of sugars (Kaiser and Huber, 2001), which are usually found under N deficiency conditions
(Lacrampe et al., 2020). In tomato and tobacco plants, high NO3~ levels also induced an
increase in the level of NR mRNA after N starvation, followed by a decrease in NR protein and
NR activity (Galangau et al., 1988), which agrees with our results (Figures 6a and 7). In shoots,
NR regulation was maintained in the basal threshold, which is also in line with the shoot NO3~
concentration that we found (Figures 5b and 7). In this organ, NR seems to be controlled post-
transcriptionally as no alteration in its expression was detected, but there was an increased
activity of the enzyme (Figures 6b and 7).

In line with NR, GS activity was not affected in plants subjected to W deficit (Figure
6d). The same was previously observed in some tomato cultivars subject to mild water deficit
(Sanchez-Rodriguez et al.,, 2011a). On the other hand, GS has an important role in
senescence-induced nutrient remobilization (reviewed Masclaux-Daubresse et al., 2008). In
Arabidopsis and oilseed rape, it was shown that N can be remobilized from senescing leaves
to expanding leaves at the vegetative stage (Diaz et al., 2008; Malagoli et al., 2005; Lemaitre
et al., 2008). Thus, the increase in GS activity observed in shoots of plants exposed to N and
combined N+W deficits suggests an N remobilization strategy (Figure 6c). Additionally, the

increased level of GS transcripts found in roots of W and N+W stressed plants point to an
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acclimation mechanism that plants used to increase GS activity, thus enhancing proline levels
in response to the high levels of NO3™. Accordingly, although the GS activity in the roots was
belong the limit of detection, when plants were grown under water shortage (W and N+W),
increased levels of NOs;™ and proline were found (Figures 2a and 5a). As for NR, regarding N
deficit in shoots, the regulation of GS1, which is known to be involved in N remobilization,
seems to be post-transcriptional since there was no change in gene expression, but there was
a greater activity of the enzyme when plants were grown under this deficit conditions (Figures
6c and 7).

RuBisCO degradation is a common response of plants exposed to abiotic stress.
Together with other photosynthesis-related proteins, RuBisCO is a major source of N for
remobilization. Transcriptome analysis has shown that many autophagy genes related to
RuBisCO are upregulated during senescence and in response to N limitation (Thompson et
al., 2005; Wingler and Roitsch, 2008). In our study, rcbS and rcbL were upregulated in the
presence of all stress treatments (Figure 7). However, N and N+W deficits had a higher
impact, especially regarding rcbS, whose expression was considerably increased in both
treatments. These results confirm the increase observed for C/N ratio and GS activity as well
as the decrease observed in proline and total soluble protein concentration, which also points
towards N remobilization. On the other hand, the evaluation of rcbS and rcbL genes also
suggests that W deficit alone did not affect RubisCO activity which is aligned with the low level
of stress imposed previously mentioned and pairs with the lack of differences found on the
chlorophyll content (Figure 7 and Table 2).

The integration of all biochemical and gene traits linked to plant metabolism in a PCA
revealed considerable variability among treatments, with the two principal components
explaining 87% of the variability in roots and 79% in shoots (Figure 9a). The PCA showed
that, in roots, plants under N+W deficit had a behavior similar to that of plants exposed to
single W deficit, presenting higher NOs- and proline concentrations, as well as higher NR
activity and GS1 and NR expression (Figure 9a). This indicates that in roots from plants grown
under combined deficit, W deprivation had a higher contribution to the changes in biochemical
traits and gene expression levels than N deficit (Figure 9a). Contrarily, the PCA revealed that,
in shoots, plants grown under combined N+W had a behavior similar to that of plants exposed
to single N deficit, having higher C/N ratio, NR and GS activity, and rcbhS and rcbL transcript-
levels but lower N concentration and GS2.1 and GS2.2 levels (Figure 9b). The differential
behavior between combined N and water deficit and single deficits, as well as between plant
organs (shoots and roots) was already reported in terms of enzymatic and non-enzymatic
antioxidant responses (Machado et al., 2023) and highlights the need for more studies focused

on plant responses to combined deficits.
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5. Conclusion

Although the effects of single N and W deficits have been well documented on
morphological, physiological, and molecular mechanisms of tomato, the impact of combined
N and water deficit is still far from being understood and explored. In a recent study, we
showed that the combination of N and W deficit clearly induces differential impacts on the
redox homeostasis of young tomato plants, suggesting that significant metabolic alterations
might be taking place. Here we moved one step forward, showing that tomato plants can
employ N remobilization and osmoregulatory mechanisms as a coping strategy to combined
N+W deficit. Additionally, the pattern of response seems to be quite distinct among different
plant organs. Future work should address tomato responses to more severe levels of single

and combined N+W stress, as well as explore more susceptible developmental stages.
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Enzymatic and non-enzymatic antioxidant responses of
young tomato plants (cv. Micro-tom) to single and combined mild

nitrogen and water deficit: not the sum of the parts

Abstract

This study aims to perform a broad analysis of the antioxidant (AOX) responses of young
tomato plants exposed to single and combined mild nitrogen (N) and water deficits through
the evaluation of oxidative biomarkers, non-enzymatic and enzymatic AOX components.
‘Micro-Tom’ seedlings were subjected to four treatments: control (CTR; 100%N + 100%W), N
deficit (N; 50%N), water deficit (W; 50%W), and combined deficits (N + W; 50%N + 50%W).
An enhancement of several non-enzymatic and enzymatic components were found in plants
subjected to N + W deficit, which presented higher anthocyanins accumulation (up to 103%)
as well as higher levels of superoxide dismutase (SOD) transcripts at the root level and of
ascorbate peroxidase (APX) and catalase (CAT) transcripts at shoot level. This increase in
the gene expression was also translated in augmented SOD (up to 202%), APX (up to 155%)
and CAT (up to 108%) activity compared to CTR plants and the single deficits. Overall, tomato
plants were able to employ defense strategies to cope with this combined deficit, as
demonstrated by the higher total AOX capacity (up to 87%) compared to the single deficits,
which contributed to the maintenance of their redox homeostasis, with unchanged values of

lipid peroxidation and hydrogen peroxide compared with CTR plants.

1. Introduction

The agricultural sector globally uses about 80% of the total available freshwater, as
well as high amounts of nitrogen (N) fertilizers, with total required amounts projected to double
by 2050 (Elbehri, 2015; Esteban et al., 2016b; Liang et al., 2019). Therefore, new goals are
being set to reduce the use of these inputs. This is the case of the recent European Green
Deal (2020), which is defined as targeting a reduction of nutrient losses by at least 50% and
the use of fertilizers by at least 20% by 2030 (Schebesta and Candel, 2020). Despite the need
to use fewer resources, it is important to take into account that water and N deficits significantly
impact plants’ growth and metabolism, which will ultimately affect their productivity. Hence, it
is important to understand the mechanisms involved in plant responses when subjected to
these single or combined deficits to increase agricultural production in a sustainable way

where the available resources are more efficiently used. Tomato has been often used as a
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model system to study these processes when plants are exposed to single abiotic stresses
(recently reviewed by Machado et al., 2022)).

One of the most crucial consequences of abiotic stress is the disturbance of the
equilibrium between the generation of reactive oxygen species (ROS) and antioxidant (AOX)
defense systems, which could result in a loss of cell viability and death (Laxa et al., 2019;
Soares et al., 2019a). Drought impairs plant growth, affecting several physiological and
biochemical processes, such as photosynthesis, respiration, nutrient uptake, and
photoassimilates translocation (Kumar et al., 2018). N supply is crucial for plant development
and growth, because it affects almost all cellular processes, from the production of
metabolites, carbohydrates, fats, and pigments to general protein synthesis (Sun et al., 2020;
Mu and Chen, 2021). Therefore, water, as well as N shortage, can ultimately lead to reduced
yield, loss of viability, and redox status alterations (Mittler et al., 2011). The cellular damage
caused by water deficit has two primary causes: first, the overproduction of ROS, and second,
the alteration of water relationships within the plant (Laxa et al., 2019). Free ROS may then
attack biological structures, damaging DNA, prompting the oxidation of amino acids and
proteins, and provoking lipid peroxidation (Soares et al., 2019a). To avoid such damage,
plants have developed ROS-detoxification mechanisms that work in tandem to counteract
ROS overproduction (Soares et al., 2019a; Laxa et al., 2019). Several studies using different
tomato cultivars showed that drought stress increases the production of ROS and the oxidative
load, including AOX substrates and AOX enzymes (Sanchez-Rodriguez et al., 2010; Zhou et
al., 2019b). Little is known about the effects of N deficiency on ROS content and AOX enzyme
activity in tomato plants, but some studies suggest that ROS content increases in tomato as
a result of N starvation, as demonstrated by higher levels of malondialdehyde (MDA) in the
root system of N-deficient tomato (Dong et al., 2022).

Moreover, understanding how plants regulate their AOX defenses under a combined
N and water deficit situation is important, as crops are often exposed to a combination of these
two stresses under field conditions (Fernandes et al., 2022). When two stresses occur
concurrently, the plant’'s acclimation strategy is governed by the interaction of the two
stresses, which is conceived by the plant as a new state of stress (Mittler, 2006). Rivero et al.
(2014) and Sousa et al. (2022) demonstrated that tomato plants grown under the combination
of salinity and heat stress showed a profile of accumulation of osmoprotectants and AOX
metabolites that was not observed when these stresses were applied individually. Martinez et
al. (2016) also demonstrated that the combination of salinity and heat increases tomato
metabolomic profile differently from when these stresses were applied individually. This
demonstrates that the combination of two or more abiotic stressors induces a unique plethora

of responses that cannot be extrapolated from those observed under single exposure (Garcia-
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Marti et al., 2019; Spormann et al., 2022). Based on these premises, this study aimed to
unravel the AOX responses of tomato seedlings to single and combined N and W deficits and
to determine the differences when these stressors occur individually. To that end, oxidative
stress biomarkers (lipid peroxidation (MDA equivalents) and hydrogen peroxide (H20;) levels)
were evaluated, along with the assessment of non-enzymatic (ABTS (2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid), phenolics, flavonoids, and anthocyanins) and enzymatic
(superoxide dismutase—SOD; catalase—CAT; ascorbate peroxidase—APX) AOX

components, both at transcript and enzyme activity levels.

2. Material and Methods

2.1. Plant material and growth conditions

The experiment was carried out in a growth chamber (temperature: 25 °C day/23 °C
night; relative humidity: 70%; photosynthetic photon flux density (PPFD): 300 umol s™" m™;
photoperiod: 16 h light).

Solanum lycopersicum cv. ‘Micro-Tom’ seeds were sown in trays filled with commercial
germination potting substrate (SIRO, Portugal). At third leaf appearance (approximately three
weeks after sowing), seedlings were selected for uniformity and transferred to single-plant
pots (10 cm high, 10 cm diameter) filled with 0.1 to 1.5 mm grade vermiculite (60 g) and divided
into four experimental groups: control (CTR; 10.5 mM N 100% field capacity), nitrogen deficit
(N; 5.3 mM N), water deficit (W; 50% field capacity) and combined deficit (N + W; 5.3 mM N;
50% field capacity). Since we aimed at having a progressive water deficit, as seedling
transplanting is a critical phase of the cultivation period, just prior to transplanting, all pots
were irrigated to field capacity (FC), determined using the soil gravimetric water content
method (Joshi et al., 2021), by adding ~300 mL of the respective nutrient solution (CTR and
W deficit treatments: 10 mM NOs”; 0.5 mM NH4*; 1.9 mM H2PO4; 6.1 mM K*;: 3.6 mM Ca?*; 1.6
mM SO,4?%; 2.5 mM Mg?*; 2.6 mM CI; 0.5 mM HCOs (pH 6 and electrical conductivity—EC—of
2.50 dSm™); N deficit and N + W deficit treatments: 5 mM NO37; 0.3 mM NHs*; 1.9 mM H,POy;
6.1 mM K*; 3.6 mM Ca?*; 4.8 mM SO,%; 2.8 mM Mg?*; 5.5 mM CI~; 0.5 mM HCO3 (pH 6 and
EC of 2.80 dSm™), with both solutions having the same micronutrients composition (35 uM
Fe-EDDHA; 10 uM Mn?*; 20.1 uM B; 0.9 uM Cu?*; 5.0 uM Zn?*; 0.5 uM MoQ,?)).

Following seedling transplantation, all pots were covered to prevent evaporation and
no more nutrient solution was added until the end of the experiment. Concerning further
irrigation, each pot from CTR and N deficit treatment was weighted and re-watered (with
distilled H20) daily, to maintain FC at 100% during the experimental period, whereas in W and
N + W deficit treatments, no additional irrigation was supplied, resulting in a progressive

decrease in substrate FC. The experiment ended when plants from treatments W and N+W

85



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

reached 50% of FC (day 16). At this point, six plants from each treatment were harvested and
used for the analysis of morphological and physiological parameters. The remaining plants
were separated into roots and shoots, and immediately frozen in liquid nitrogen, macerated (n
= 3, each biological replicate consisting of a pool of three individual plants), and, subsequently,

stored at —80 °C for further use in biochemical and molecular analyses.

2.2. Biometric Traits

At the end of the experimental period (i.e., 16 days after transplantation), 6 plants per
treatment were divided into roots, stems, and leaves. After carefully washing the roots, the dry
weight of each organ was determined, by drying the samples for 48 h at 105 °C in a ventilated
oven. Based on these data, the shoot—root ratio was further calculated (n = 6).

2.3. Analysis of Total Antioxidant Capacity and Non-enzymatic Component

2.3.1 Preparation of the extracts

For the analysis of the total antioxidant activity (ABTS™ assay) and secondary
metabolism (total soluble polyphenols, flavonoids, anthocyanins, and lignin), 300 or 250 mg
of frozen grinded samples of roots and shoots, respectively, were extracted with 1.2 or 1.5 mL
of 80% (v/v) methanol, respectively, under cold conditions. Samples were centrifuged at
15,000x g for 15 min at 4 °C. The resulting supernatant was used for all previously mentioned

analyses, except lignin quantification, where the sediment was used.

2.3.2. Total Antioxidant Capacity: ABTS Assay

ABTS™ (2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid)) assay (n = 3) was
performed following the protocol described by Goncalves et al. (2009), with slight
modifications for the 96-well microplate. Briefly, ABTS™ solution was generated through a
chemical oxidation reaction with potassium persulfate, and its concentration was adjusted with
methanol to an initial absorbance of 0.700 (£0.020) at 734 nm (Multiskan GO Microplate
Spectrophotometer, Thermo FisherScientific Inc., Waltham, MA, USA). To 20 pL of the sample
or standard solution, 180 pL of the adjusted ABTS™* solution was added. The mixture was then
incubated for 5 min at 30 °C, the absorbance at 734 nm was measured and the results were
obtained by calculating the reduction of percentage in sample absorbance (AspL) concerning
the control (Act) using Equation (1). Trolox was used as a standard to prepare a calibration
curve, and the final results are expressed as mmol Trolox equivalents/g FW. All the analyses
were performed in triplicate, and the radical stock solution was freshly prepared and filtered

with a 0.45 um syringe filter.
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100

ABTS scavenging (%) = (A¢r, — Aspr) * (1)

AcrL

2.3.3. Non-enzymatic Component: total phenolics, flavonoids, carotenoids,
anthocyanins, and lignin
2.3.3.1. Determination of Total Phenolic Content (TPC)

Determination of TPC was performed using the Folin—Ciocalteu reagent following
Ramos et al. (2019), with slight modifications. Briefly, 20 yL of extract or standard (gallic acid
stock solutions) was mixed with 80 pL of Folin—Ciocalteu reagent (previously diluted 1:10 (v/v))
and 100 pL of 7.5% (w/v) sodium carbonate in a 96-well plate. After 60 min at room
temperature under dark conditions, absorbance was measured at 750 nm. The results are

expressed as mg gallic acid equivalents/g of fresh weight (mg GAE/g FW).

2.3.3.2. Determination of total flavonoids
Total flavonoids were quantified through the aluminum chloride method adapted from
Zafar et al. (2016). Briefly, an aliquot of each extract (40 pL) was mixed with 20 yL of 10%
(w/v) aluminum chloride and 20 pL of 1 M potassium acetate solutions. Thereafter, distilled
water was added to obtain a final volume of 200 uL in a 96-well plate. After 30 min of incubation
under dark conditions at room temperature, the absorbance at 415 nm was measured by using
a microplate reader. The calibration curve was drawn by using quercetin as standard and the

flavonoid concentration was established in ug quercetin equivalents/g FW (ug QE/g FW).

2.3.3.3. Determination of total monomeric anthocyanins
The spectrophotometric pH differential method was used to determine the total
monomeric anthocyanins (TMA) in the methanol extracts, following Nicoue et al. (2007) with
some modifications for the 96-well microplate. Briefly, 240 pyL of 0.025 M potassium chloride
solution or 0.4 M sodium acetate solution adjusted to pH 1.0 and 4.5, respectively, with
hydrochloric acid were added to 60 pL of extracted sample. The absorbance was measured

at 520 nm and 700 nm and the absorbance (A) was calculated as described in Equation (2):

A = (Apmax — A700)pH:1.0 — (Aamax — A700)pH=4.5 (2)

TMA concentration was then obtained from equation 3:

3)

A «*MW=x«DF%1000
TMA(mg/L) = (Acry, — AspL) * ——————
where,

Amax = 520 nm

MW of cyanidin 3-glucoside = 449.2 g mol?
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DF= dilution factor
¢ of cyanidin 3-glucoside = 26900 L mol* cm?

| = optical path length

2.3.3.4. Determination of lignin

Lignin quantification was performed according to a protocol adapted to 96-well
microplate from Fukushima and Hatfield (2001). Briefly, the sedimented biomass that
remained in the microcentrifuge tube after methanol extraction was subjected to three 20 min
washes in an ultrasound bath first with distilled water, then with acetone, and finally with
hexane. Afterward, samples were dried at 60 °C for 72 h, and to 10 mg of sample, 1 mL of
12.5% acetyl bromide (prepared in acetic acid) was added, followed by incubation at 50 °C for
2 h with vigorous stirring. The digested samples were centrifuged for 5 min at 15,000x% g, and
100 pL of the supernatant was combined with 200 pL of acetic acid, 150 pL of 0.3 M sodium
hydroxide, 50 pyL of 0.5 M hydroxylamine hydrochloride and 500 pL of acetic acid. The
absorbance of each sample was recorded at 280 nm, and the lignin concentration in each
sample was quantified taking into consideration the lignin calibration curve, and the lignin

concentration was established in ug quercetin equivalents/g FW (ug/g FW).

2.4, Oxidative Stress Biomarkers

2.4.1. Lipid peroxidation

Lipid peroxidation (LP) was estimated in frozen ground samples of roots and shoots
(ca. 200 mg FW) and quantified following the procedure of Heath and Packer (1968). After
homogenizing the material in 0.1% (w/v) trichloroacetic acid, malondialdehyde (MDA) content
was determined using the molar extinction coefficient (€) of 155 mM~' cm™ and expressed in
nmol~" g FW. Absorbances were read at 532 and 600 nm, with the latter being subtracted from

the first to avoid the effects of non-specific turbidity.

2.4.2. Hydrogen peroxide (H202) quantification

The quantification of H,O, levels was performed by a spectrophotometric method
according to Alexieva et al. (2001). Briefly, frozen ground samples of roots and shoots (ca.
200 mg FW) were extracted on ice, with 1.4 mL of 0.1% (w/v) trichloroacetic acid, and
centrifuged for 15 min at 12,000x g at 4 °C. The homogenate was then mixed with 250 pL of
100 mM potassium phosphate buffer (pH 7.0) and 1 mL of 1 M potassium iodide. The reaction
was developed for 1 h in the dark and absorbance was measured at 390 nm. H>O- levels were
estimated from a standard curve prepared with solutions of known concentration of H,O,. The

results are expressed as nmol H.0. g™' FW.
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2.5. Enzymatic Component

25.1. Enzyme extraction and quantification: SOD (EC.1.15.1.1), CAT

(EC.1.11.1.6) and APX (EC.1.11.1.11)

The extraction of the AOX enzymes was performed under cold conditions according to
Fidalgo et al. (2011), using frozen samples of around 250 mg. After centrifugation, the
supernatants were collected and used for both protein and enzyme quantification following the
protocols described by Soares et al. (2019b). Briefly, protein quantification was performed as
described by Bradford (1976), using bovine serum albumin as standard. Superoxide
dismutase (SOD, EC.1.15.1.1) activity was quantified with a spectrophotometric assay based
on the inhibition of photochemical reduction of nitroblue tetrazolium (NBT) (Donahue et al.,
1997). SOD activity was expressed as units of SOD mg™" protein, in which one unit of SOD
corresponds to the amount of enzyme needed to inhibit the photochemical reduction of NBT
by 50% (Spormann et al., 2022). Absorbance was read at 560 nm and results are expressed
as units of SOD/mg of protein. Catalase (CAT, EC.1.11.1.6) activity was determined
spectrophotometrically by measuring CAT-mediated H,O, degradation (£240nm = 43.6 mM™"
cm™) (Aebi, 1984). Absorbance measurements were recorded every 5 s for 60 s, and results
are expressed as mmol H.O, min~" mg of protein. Ascorbate peroxidase (APX, EC.1.11.1.11)
activity was determined by monitoring the oxidation of ascorbic acid (AsA) for 1 min, with
readings every 5 s (£200nm = 0.49 M™" cm™) (Nakano and Asada, 1981); results are expressed
as mmol dehydroascorbate (DHA) min/mg of protein. The protocols for quantifying CAT and
APX activity were adapted to UV microplates following the adaptation from Soares et al.
(2019Db).

2.5.2. SOD, APX, and CAT expression profile

The transcript levels of Fe-SOD, Cu,Zn-SOD, APX, CAT1, and CAT2 were evaluated
using quantitative real-time PCR.

Total RNA was extracted from frozen ground roots and shoot tissues (c.a. 100 and 50
mg) using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions for each tissue type. Afterward, RNA yield was quantified using a
NanoPhotometer (Implen GmbH, Germany), and its integrity was checked by agarose gel
electrophoresis. Single-stranded cDNA was synthesized using iScript cDNA Synthesis Kit
(Bio-Rad, California, USA) according to the manufacturer’s instructions in a Doppio Thermal
Cycler (VWR, Oud-Heverlle, Belgium).

Primers for APX, CAT1, and CAT2 were selected using Primer-BLAST from NCBI

(https://www.ncbi.nim.nih.gov/tools/primer-blast/ - accessed on 15 May 2021) for an expected
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PCR product of 70—-150 bp and primer melting temperatures between 57 and 63 °C, whereas
primer sequences for Fe-SOD and Cu-Zn-SOD were obtained from previous studies (Martinez

et al., 2018). The primer sequences for each gene are listed in Table 1.

Table 1 - Primer sequences (Forward and Reverse) and annealing temperature (Tann.) of target genes used for RT-gPCR

analysis.
Gene Primer sequence (5°-3”) Tann.
(Accession number) Forward Reverse

Fe-SOD TAA ATA GAG ACT TTG GTT CC TAT ATT TGC CTC TTA ACC CT 45.6
Cu,Zn-SOD GGC CAATCT TTG ACC CTT TA AGT CCA GGA GCA AGT CCA GT  54.7
55.4

APX TCT GAA TTG GGA TTT GCT GA CGT CTA ACG TAG CTG CCA AA
CAT 1 CAA ACA ATG GACCCC GAGGA  ACT GGG ATC AAC GGC AAGAG 603
CAT 2 GGG TCT GGT GTC CAC ACATT GCA TGG CTG TGA TTT GCT CC 59.0

Real-time polymerase chain reactions (RT-gPCR) were performed on a StepOne™
Real-Time PCR System (Applied Biosystems, California, USA) with the following reaction
conditions: 2 min at 50 °C, 2 min at 95 °C and 40 cycles, with 15 s at 95 °C, 15 s at each
primer pair optimal annealing temperature (Table 1) and 1 s at 72 °C. Amplifications were
carried out using a final volume of 20 uL, which consisted of 1 pL of the primer forward and 1
uL of the primer reverse (both at 6 uM), 10 uL of 2x iQ SYBR® Green Supermix (Bio-Rad,
California, USA), and 8 pL of a 1:100 dilution of the template cDNA. Melt curve profiles were
analyzed for each tested gene. The comparative CT method (*2CT - Livak and Schmittgen,
2001) was used for the relative quantification of gene expression values using ubiquitin (UBI)
and TIP41-like protein (TIP41) genes as control transcript and the control plants as the
reference sample. For relative gene expression analysis, the fold change with biological
significance was considered to be lower than 0.5 (downregulation) or higher than 2
(upregulation) (Vaerman et al., 2004), and for each of the three biological replicates and target
genes, two technical replicates were analyzed.

2.6. Statistical analysis
Data were subjected to analyses of variance (ANOVA), followed by Tukey’s post
hoc test, whenever significant differences were found (p = 0.05). The results are expressed

as mean = standard error of the mean (SEM). Additionally, a Principal Component Analysis
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(PCA) with Varimax rotation was used to establish the relationship among the different
guantitative variables with the data set including only the parameters that were shown to
be significantly different among treatments. The data included was mean-centered and
weighed with the inverse of the standard deviation before applying the PCA to guarantee
that all variables had the same weight in influencing the model. All statistical analyses were
performed in IBM SPSS Statistics 26.

3. Results
3.1. Plant Growth

The total dry weight (TDW) of plants grown under single or combined N deficit was
significantly lower (30%) when compared to CTR and W-deficit plants. (Figure 1a). The shoot—
root ratio of N + W deficit plants was 22% lower compared to plants grown under single N
deficit. However, it did not significantly differ from plants grown under single W deficit. For the
single deficits, this ratio was only significantly changed under W shortage, which led to a 30%

decrease compared to CTR plants (Figure 1b).
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Figure 1 - Total dry weight (a) and shoot root ratio (b) of tomato plants cv. Micro-Tom grown for 16 days under control (CTR;
10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen
and water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 6). Different letters above bars indicate
significant differences according to the Tukey’s HSD test (p = 0.05).

3.2. AOX Activity
Total AOX activity, measured using the ABTS assay, was significantly increased by
about 90% in plants exposed to combined N + W deficit, in both roots and shoots, compared

to all other experimental conditions, which displayed no differences among them (Figure 2a,b).

91



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

a) b)
1.5 1.5 a
n & o E
B9 1.0] o 1.0 b
< <i b b T
%3 a g
¢} —_— o
¢ E ] < £ ]
£ 0.5 b b b b g 0.5
o.o-j—- . . 0.0- : :
& A & & A &
L L

Figure 2 - Total antioxidant capacity measured by ABTS in roots (a) and shoots (b) of tomato plants cv. Micro-Tom grown for
16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N +
50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3). Different
letters above bars indicate significant differences according to the Tukey’s HSD test (p = 0.05).

3.3. Non-enzymatic component: total phenolics, flavonoids, carotenoids,

anthocyanins, and lignin

The concentration of total phenolics in roots and shoots was not affected by single or
combined N + W deficit (Figure 3a,b). However, flavonoid concentration was reduced by
around 20% in the roots of plants exposed to combined N + W deficit in relation to CTR or to
single deficits (Figure 3c). Interestingly, shoot flavonoid concentration was significantly higher
in single W deficit plants, as compared to the remaining experimental conditions, whereas
plants subjected to the combined deficit had intermediate levels (17% lower compared to
plants grown under W deficit and 15% higher compared to single N deficit) (Figure 3d). The
levels of shoot carotenoids were not significantly affected. Still, a clear tendency could be
observed, with W-deficit plants having the highest levels of carotenoids (Figure 3e). The
concentration of total monomeric anthocyanins reached the highest level in plants grown
under combined N + W deficit, compared to all the other experimental groups (92%—CTR;
89%—N; 103%—W increase) (Figure 3f). Lignin concentration in the roots was not affected
by any treatment (Figure 3g). In the shoots, it was significantly higher in plants exposed to W
(by 35%) and N + W (by 26%) deficits compared to the CTR plants, but no significant

differences between single and combined deficits were found (Figure 3h).
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Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

Figure 3 - Total phenolics in roots (a) and shoots (b), total flavonoids in roots (c) and shoots (d), total monomeric anthocyanin
in roots (e) and shoots (f) and lignin concentration in roots (g) and shoots (h) of tomato plants cv. Micro-Tom grown for 16 days
under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or
combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean + SEM (n = 3). Different letters above
bars indicate significant differences and n.s. correspond to non-significant differences between treatments according to the
Tukey’s HSD test (p = 0.05).
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3.4. Oxidative stress biomarkers — MDA and H,O; levels

The MDA concentration in roots and shoots was not significantly influenced by the
imposed deficits (Figure 4a,b). H2O2 concentration was not affected in roots (Figure 4c);
however, in shoots, H,O, concentration was 40% higher in plants exposed to N + W deficit

than in plants subjected to W deficit (Figure 4d).
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Figure 4 - Lipid peroxidation of roots (a) and shoots (b) and H,O, content of roots (c) and shoots (d) of tomato plants cv. Micro-
Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W;
10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). Data presented are mean = SEM (n =
3). Different letters above bars indicate significant differences and n.s. correspond to non-significant differences between
treatments according to the Tukey’s HSD test (p=0.05).

3.5. Enzymatic component: SOD, CAT, APX

In roots, SOD activity was not significantly affected by the imposed stresses (Figure
5a). In shoots, significant differences were found among all the treatments. N + W plants had
the highest SOD activity (77%—CTR; 32%—N; 202%—W increase), and W deficit plants had
the lowest SOD activity (Figure 5b). APX activity was significantly higher (up to 57%) in the
roots of W and N + W deficit plants compared to CTR and single N deficit (Figure 5c). In
shoots, APX activity was higher in N + W plants compared to CTR (by 198%), N (by 128%),
and W (by 155%) (Figure 5d). CAT activity followed the same trend as APX, both in roots and
shoots (Figure 5e,f).
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Figure 5 - SOD activity in roots (a) and shoots (b), APX activity in roots (c) and shoots (d) and CAT activity in roots (e) and
shoots (f) of tomato plants cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3
mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W).
Different letters above bars indicate significant differences and n.s. correspond to non-significant differences between treatments
according to the Tukey’s HSD test (p = 0.05).

3.6. SOD, APX, and CAT expression profile
Fe-SOD expression levels, in both roots and shoots of all treatments, were
maintained within the basal threshold (with a fold of expression between 0.9 and 1.3) (Figure

6). However, in roots, a significant upregulation of Cu,Zn-SOD was observed for all deficits,
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with the levels being higher in the combined N + W deficit group (4.6-fold upregulation). In
shoots, no significant differences were found in the expression of this gene compared to CTR
plants (Figure 6). Single as well as combined deficit resulted in a significant increase in root
APX expression, with the highest being in W (by 2.9-fold) and N + W (by 2.7-fold) plants. In
shoots, N + W showed the highest expression of APX (by 3.3-fold), followed by N deficit
plants (upregulation of 1.7-fold) (Figure 6). CAT1 expression was maintained at basal levels
in all deficit treatments both in the roots and the shoot, whereas CAT2 expression was
significantly downregulated in roots to N deficit plants (by 0.3-fold), but upregulated in shoots
of all the treatments when compared to CTR. This was more pronounced in the N + W plants,

which showed a 3.4-fold upregulation (Figure 6).
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Figure 6 - Relative fold of expression of antioxidant system-related genes in tomato cv. Micro-Tom roots and shoots as affected
by nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W;
5.3 mM N+ 50% W)). The 2-AACt values against the control are shown. *above The 2-AACt values against the control are shown
(n = 3). *above mean values indicate significant differences compared to the control according to the t-Test (p = 0.05). Green
colour indicates downregulation and red colour upregulation compared to the control plants.

3.7. Principal Component Analysis (PCA)

A PCA was performed to establish the relationship among the AOX parameters that

were significantly affected by the single or combined N and water deficit treatments. The
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results yielded two main factors (those with an Eigenvalue > 1), explaining over 81% or 87%
of the total variance at root and shoot level, respectively (Figure 7). The first component
accounted for 62% and 64% of the variance in roots and shoots, respectively, and the second
for 19% and 23%, respectively (Figure 7a,b). At the root level, CTR and N-deficit plants
behaved similarly, and these showed an opposite behavior to single or combined water deficit
plants, mostly because the latter group had a higher activity of CAT and APX enzymes and
CAT2, Cu,ZnSOD, and APX expression profiles (Figure 7a). Still, at the root level, the W deficit
plants were associated with higher flavonoid concentration and lower antioxidant activity
(ABTS), with N + W plants having the opposite behavior regarding these variables (Figure 7a).
Interestingly, when analyzing plant responses at the shoot level, plants subjected to combined
N + W deficit were different from all the other groups, mainly due to higher anthocyanins
concentration, higher activity of CAT, SOD, and APX enzymes, and CAT2 and APX
expression (Figure 7b). However, they shared some similarities with W deficit plants regarding
lignin and flavonoid levels, which were higher in these groups, and CAT1 expression, which

was downregulated (Figure 7b).
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Figure 7 - Principal component analysis (PCA) of the antioxidant system in roots and shoots evaluated of tomato cv. Micro-Tom
grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5
mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W). The two principal components together
(PC1, PC2) explained 81%, of roots, and 88%, in shoots, of the total variance found among treatments. Details on the

abbreviations are given in Material and Methods
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4. Discussion

More often than not, plants do not face single abiotic stresses, but rather a
combination of several adverse growth conditions, especially under the current context of
climate change and environmental instability. Still, literature describing the physiological and
biochemical responses of plants simultaneously exposed to different stresses is scarce.
Works focusing on the effects of combined N + W deficit on tomato plants can provide
important and practical data for understanding impactful stress responses in likely
environmental scenarios. To the best of our knowledge, this is the first study that focuses on
a broad analysis of the AOX responses of young tomato plants subjected to single and
combined N and W deficits. By studying a set of AOX biochemical endpoints, we showed that
tomato plants can modulate their AOX network to ensure redox homeostasis, at leastin some
situations of N and water limitation (Figure 7).

Previous reports have demonstrated that water and/or N deficit severely affect plant
performance, leading to a growth reduction in most crops, including tomato (recently
reviewed by Machado et al., 2022). In our study, W deficit per se did not induce an evident
effect on TDW, whereas, in the single or combined N deficit plants, a negative effect was
found (Figure 1a), which suggests a higher impact of the N deficit on this trait. Interestingly,
dry matter partitioning only responded significantly under water deficit conditions (single or
combined), resulting in a decreased shoot—root ratio (Figure 1b), representing a greater
investment in the roots to handle the water shortage.

When facing stressful environments, plants often experience a general redox
disbalance, capable of downstream affecting other metabolic and physiological processes. It
has been reported that ROS can play a dual role in plant metabolism (Soares et al., 2019a):
while at high concentrations, ROS function as a toxic by-product, causing negative lipid
membrane damage, at low concentrations, they might be acting as a signal transduction
molecule to trigger a stress response, therefore improving non-enzymatic and enzymatic
components (Laxa et al., 2019; Soares et al., 2019a; Mittler et al., 2011)). Drought stress has
been reported to result in higher MDA content (related to lipid peroxidation) in tomato plants,
indicating that under drought stress, the balance of the redox status is disrupted, resulting in
ROS accumulation and increased lipid peroxidation of membrane lipids, eventually causing
membrane damage (Zhou et al., 2019a; Zhou et al., 2019b; Liang et al., 2020; Raja et al.,
2020). The same was reported for the N deficit (Rubio-Wilhelmi et al., 2011). In the present
study, although plants under combined N+W deficit showed a significantly lower TDW and
shoot-root ratio (Figure 1) compared to CTR and W deficit plants, ROS content and oxidative
damage were not significantly affected by any of the applied treatments, as demonstrated by

the unchanged values of LP and H;O, (Figure 4). Based on this set of results, it seems that
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mild N and W deficits were perceived by the plant as a signal, helping them to employ defence
strategies to better cope with potential future stress episodes. In line with the low levels of
H.O, found, an increase in the total AOX activity (evaluated by the ABTS Assay) was
observed under combined deficit, which might be related to the improvement found in
different non-enzymatic factors (such as flavonoids and anthocyanins) (Figure 3) and
enzymatic components (SOD, CAT, and APX transcripts and activity) players (Figures 2, 5
and 6).

Itis known that non-enzymatic mechanisms play a vital role in counteracting oxidative
stress and improving plant stress tolerance (Laxa et al., 2019; Soares et al., 2019a).
Specialized metabolites often display potent AOX activity which allows more efficient
scavenging of toxic ROS (Kubalt, 2016). In tomato, Sdnchez-Rodriguez et al. (2011b)
demonstrated that, after water deficit, cv. “Zarina” increased its AOX activity by upregulating
the phenylpropanoids and flavonoids synthesis pathway, together with a lower oxidation
index. Our results are in accordance with these findings, as a significantly higher shoot
flavonoid content was observed in plants subjected to W deficit (Figures 3d and 7).
Previously, it has been suggested that N deficiency also triggers the accumulation of
flavonoids via increases in phenylalanine ammonia-lyase activity (KoleSka et al., 2017).
However, here, no significant differences were found upon exposure to individual N deficit
(Figure 3c,d). Interestingly, in shoots, flavonoid accumulation upon exposure to combined N
+ W deficit reached intermediate levels compared to the single deficits. Thus, it is possible
that when facing the combined deficit plants responded by regulating the accumulation of
other metabolites. It is known that the production of other secondary metabolites with a
photoprotective role, such as anthocyanins and carotenoids, is important in plants’ response
to oxidative stress caused by N or water deficit (Machado et al., 2022). Accordingly, a higher
concentration of anthocyanins was found in plants under N + W (Figure 3f), which may have
functioned as ROS scavengers, photoprotectants, and/or stress signals in those plants
subjected to the combined deficit (Kovinich et al., 2015).

Besides the non-enzymatic mechanisms, the enzymatic component is another crucial
part of the defence mechanisms against oxidative stress. SOD, as the first frontline defence
against oxidative injury, catalyses the dismutation of O, and generates H;O,, which is
converted to H2O and O by CAT, with both usually increasing in plants grown under drought
stress (Sanchez-Casas and Klessig, 1994). In tomato plants, studies have shown that the
activity of SOD gradually increases in different tomato cultivars subjected to drought stress
(Aghaie et al., 2018; Hayat et al., 2012; Yuan et al., 2016; Zhou et al., 2019a; Zhou et al.,
2019b; Liang et al., 2020; Raja et al., 2020). Besides SOD, the activity of CAT and APX has

also been shown to increase in tomato plants under prolonged drought stress, from the
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seedling to the anthesis stage (Rai et al., 2021; Yuan et al., 2016). In the present study, APX
and CAT activity were only slightly increased in the roots of plants subjected to W deficit,
demonstrating a faint response of the enzymatic AOX system associated with mild water
deficit. Concerning N deficiency, its effect on the enzymatic AOX system has scarcely been
studied in tomato. In general, it has been shown that N deficiency can lead to an
overproduction of ROS, particularly of H,O, and O, through the excitation of the
photosystem II, consequently enhancing the activity of enzymes like POD and SOD
(Machado et al., 2022). In cucumber leaves of N-deficient plants, the activity of SOD
increased by 37% compared to the control, a higher increase compared to CAT and POD
(Hasanuzzaman et al., 2020). In wheat, plants subjected to N deficiency also exhibited a
significant increase in SOD activity (by 205%), with this being the most upregulated enzyme
(Polesskaya et al., 2004). This set of results agrees with the observed increase in SOD
activity of our tomato shoots subjected to N deficiency (Figure 5b). Concerning plants
subjected to combined N + W deficit, in roots, CAT and APX showed the same pattern of
response observed in plants grown under single W deficit, suggesting that at the root level,
the W deficit was the main factor contributing to this response (Figure 5a,c,e). Interestingly,
at the shoot level, plants grown under co-exposure to both deficits presented the highest
activity of SOD, APX, and CAT, which contributed to the enhancement of the total AOX
activity (Figure 2).

In general, an upregulation of SOD and APX transcripts in roots of plants subjected
to N deficiency did not seem to translate into an enhanced enzyme activity, which can suggest
the involvement of post-translational modifications of the enzyme’s status. However, it cannot
be excluded that, after a longer period of exposure, these increased transcript levels could
result in higher enzyme activity to ensure cell homeostasis, providing the cell with a large
amount of MRNA ready to be translated into proteins. Regarding combined deficit plants, in
general, the activity of all the studied enzymes increased both in roots and shoots, along with
an upregulation of Cu,Zn-SOD, APX, and CAT2 genes in roots and APX and CAT2 genes in
shoots.

An integration of all the AOX system-affected traits resulted in a PCA that revealed
considerable variability among treatments, especially between tissues (Figure 7). The PCA
showed that in roots, N + W deficit plants had a behaviour similar to that of plants exposed
only to mild W deficit, showing higher activity of CAT and APX enzymes and CAT2, Cu,
ZnSOD, and APX expression (Figure 7a). In shoots, the N + W deficit had a distinct and
unigue response, having, in general, a higher non-enzymatic and enzymatic activity (Figure
7b). The accumulation of AOX metabolites (e.g., ascorbate and glutathione) alongside the

activation of several AOX enzymes (e.g., APX, CAT) was also shown to increase upon the
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co-exposure of tomato plants to salinity and heat stress (Sousa et al., 2022) or after the
exposure of citrus plants to combined drought and heat stress (Zandalinas et al., 2017). The
differential behaviour between combined N and water deficit and single deficits, as well as
between plant organs (shoots and roots) observed in our study, highlights that plants grown
under combined stresses generate a specific AOX response that cannot be elucidated from
the responses obtained when stressors are applied individually (Garcia-Marti et al., 2019;
Pandey et al., 2015; Hussain et al., 2018).

Moreover, the mild water deficit level imposed in this study did not impact plant
biomass, but it was enough to activate multiple AOX responses in plants grown under
combined deficit, possibly making the plants more suited to handling subsequent abiotic
stresses. Indeed, a recent study with maize showed beneficial stress memory responses
induced by priming the seedlings with combined heat and drought stress, which prompt their
defence system to trigger more effective clearance mechanisms against subsequent
exposure to these combined stresses (Ru et al., 2022). However, the intensity of the N-
deficiency needs to be thoroughly adjusted to avoid, as in this study, impairments in plant
growth. Flowering and fruit development have been described as highly sensitive stages to
water deficits (Khapte et al., 2019; Machado et al., 2022). Therefore, complementary studies
are necessary to address tomato responses to more severe stress events, as well as to

explore other developmental stages.

5. Conclusions

This study suggests that tomato plants can employ defense strategies to cope with
combined N+W deficit, as demonstrated by the maintenance of the redox homeostasis, with
unchanged values of LP and H.O, compared to control plants. Accordingly, an enhancement
of different non-enzymatic (such as flavonoids and anthocyanins) and enzymatic (SOD, CAT,
and APX transcripts and activity) players was observed, contributing to an increased AOX
activity, especially in plants under the co-exposure to N+W deficit. In conclusion, tomato plants
seem to have the ability to modulate their AOX network to ensure redox homeostasis in a
situation of mild N and water limitation, and the pattern of response is quite distinct among
different plant organs and to the one observed in plants exposed to these single deficits.
Additionally, our results raise the hypothesis that mild N and water deficits, at least at the
beginning of the tomato plant’s vegetative stage, activate relevant AOX responses which in
turn might act as a priming strategy for preparing the plants to cope with future abiotic or biotic
stresses. However, understanding the full mechanisms involved in the complex interactions
between combined stress factors is still in its infancy. Future studies could test the

aforementioned hypothesis and test whether the current findings can be extrapolated to more
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susceptible tomato cultivars, more critical developmental stages as well as more severe or

prolonged stress levels.
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Combined nitrogen and water deficit impact on tomato plant
anatomy, macronutrient accumulation and partitioning, and

amino acids profile

Abstract

Crops are often exposed to multiple abiotic stresses and possible interactions between them
may occur. Despite this, studies on combined nitrogen (N) and water (W) deficit still need to
be conducted. This study explored the differences between single and combined N+W deficit
in young tomato plants. For that, seedlings from cv. Micro-Tom were subjected to four
treatments: control (CTR; 100%N+100%W), N deficit (50%N), W deficit (50%W), or combined
deficits (50%N+50%W). The single deficits impacted anatomical traits, similarly, reducing
cross-sectional hypocotyl, phloem, and xylem areas. The N+W deficit had a higher negative
impact on tomato biometric traits, decreasing root dry weight (by up to 50%), stem dry weight
(by up to 60%), and leaf dry weight (by up to 47%). Plants grown under the N+W deficit
increased root synthesis of asparagine and arginine (up to 230% compared to the W deficit
and 66% compared to the N deficit). This led to lower N remobilization from the photosynthetic
machinery, as demonstrated by the lower decreases in chlorophyll content and photosynthetic
rate compared to plants under single N deficit. Additionally, plants grown under N+W deficit
have increased the reallocation and synthesis of osmolytes such as K* and proline,
respectively. This together with the specific increase observed for other amino acids related
to osmoregulation (alanine, tyrosine, and phenylalanine) contributed to a higher stomatal
closure and lower transpiration rate compared to W deficit plants. On the other hand, N deficit
plants responded mainly through N remobilization from the photosynthetic machinery, as
demonstrated by the decreased chlorophyll content (up to 32%) and photosynthetic rate (up
to 57%). Under single W deficit, plants invested more in the root system, as a strategy to
increase uptake of water and nutrients, compared to plants grown under N+W deficit, being
able to maintain physiological processes such as photosynthesis at CTR plants level. Hence
tomato plants used different N remobilization and osmoregulatory mechanisms to respond to

the single or combined deficits.
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1. Introduction

Tomato (Solanum lycopersicum) is one of the most economically important vegetables
for the fresh and processing markets, with global annual production reaching 180 million tons
(Wu et al., 2022). This crop has high requirements in nitrogen (N) fertilization and water supply
(Du et al., 2018). Therefore, suboptimal amounts of these resources cause severe constraints
on plant growth (Machado et al., 2022).

Several studies have demonstrated that N and water deficits are known to cause a
severe impact on metabolic pathways (Ding et al., 2018; Gonzalez-Dugo et al., 2010), thus
altering anatomical characteristics of vascular tissues responsible for meeting plant water and
nutrient demands (Kapoor et al.,, 2020; Song et al., 2019). For instance, narrower xylem
vessels under lower water potential could help to avoid cavitation (Knipfer et al., 2018). On
the other hand, narrow xylem vessels together with a lower total xylem area reduce internal
water transport (Hernandez-Espinoza & Barrios-Masias, 2020). Furthermore, water deficit is
reported to have a negative effect on root nutrient uptake due to the reduction in soil moisture
(Rouphael et al., 2012). In tomato, drought reduces nitrate (NO3") uptake, imposing further
constraints on plant growth (Sanchez-Rodriguez et al., 2011c) which can be aggravated in a
situation where plants are facing a combination of both deficits. Additionally, since N is a
dominant macronutrient, its deficit also impacts the accumulation of other nutrients, with its
ionic form controlling cation and anion accumulation through the mechanism of charge
balance in the ion uptake (Borgognone et al., 2013). For example, under NOs" deficiency,
cations like potassium (K*), magnesium (Mg?*), and calcium (Ca?*) usually present lower
accumulation while anions such as phosphate (PO4*), sulfate (SO,*), and most micronutrients
were reported as having higher accumulation (Machado et al., 2022).

Amino acids are the building blocks of proteins and have various prominent functions
in plants (Hildebrandt et al., 2015; Kumar et al., 2017). Apart from their role in proteins, they
are involved in several physiological processes such as plant growth and development,
intracellular pH control, generation of metabolic energy or redox power, and resistance to
abiotic and biotic stress, acting as signalling molecules (Guo et al., 2021; Hildebrandt et al.,
2015). Therefore, under stressful conditions, such as those caused by N or water deficit, the
amino acid pool is adjusted by amino acid catabolism and synthesis (Yang et al., 2020). For
instance, proline can play an important role as osmolyte, being often increased in plants
subjected to water deficit (Florencio-Ortiz et al., 2018; Zivanovic et al., 2020), but can also be
used as a metabolic compatible solute to store and transfer N and C after oxidation often
decreasing under N deficit (Hayat et al., 2012; Szabados and Savouré, 2010). Also, N
availability influences the C/N ratio, which consequently affects the amino acid profile of plants

(for example, greater N availability promotes the production of amino acids with low C/N ratios
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like arginine and glutamine) (Ruan et al., 2010). Several studies, including a few using tomato
plants, demonstrated that N deficiency often leads to lower total amino acids content since N
is a central nutrient for their formation (Kova ik et al., 2006; Ruan et al., 2010; Sung et al.,
2015; Yang et al., 2020). On the other hand, under water deficit, the content of free amino
acids is increased in tomato plants (Zivanovié et al., 2020). Therefore, free amino acids may
also be differentially adjusted in a situation of combined N and water deficits. For instance, Jin
et al. (2015) found that in Portulaca oleracea L. plants there was a specifically increased
accumulation of certain amino acids, such as glutamine, ornithine, tyrosine, valine, and
tryptophan, when subjected to drought and heat stress acting in combination, which suggests
that the plant is making a cellular osmotic adjustment aimed at maintaining leaf turgor during
this particular stress condition. Additionally, the metabolite profile of plants subjected to
combined drought and heat was more similar to that of heat-treated plants than to that of the
control or drought-treated plants (Jin et al., 2015).

Based on the findings above reported, it is expected that the impact of combined N
and water deficit on morphophysiological traits, anatomy, macronutrient content, and amino
acids profile may be different from the one observed in plants grown under single exposure to
N or water deficit. Therefore, due to the increased frequency of the co-occurrence of N and
water deficit under field conditions, and the scarce literature concerning the subject, it is
important to understand how these traits are affected in tomato plants subjected to the co-
exposure to both deficits, which was the aim of this study. To that end, anatomical and
morphological traits [hypocotyl, phloem and xylem area, dry weight (root, stem, leaf, and
total)], physiological parameters (chlorophyll content, photosynthetic rate, stomatal
conductance, and transpiration rate), macronutrient content and partitioning (N, K, P, Ca, and
Mg), N utilization efficiency as well as amino acids concentration (alanine, asparagine,
aspartic acid, arginine, glutamate, glutamine, isoleucine, leucine, methionine, phenylalanine,

proline, serine, threonine, tyrosine, tryptophane, and valine) were evaluated.

2. Material and Methods

2.1. Plant material and growth conditions

The experiment was carried out in a growth chamber under controlled conditions
(temperature: 25 °C day/ 23 °C night; relative humidity: 70%; CO> concentration: 400 pymol
mol?; photosynthetic photon flux density (PPFD): 150 pmol m2 s; photoperiod: 16 h light
[Fluorescent lamps (Osram L58W/840, Lumilux, Cool White, Munich, Germany]))

Seeds from tomato cv. Micro-Tom were sown in trays filled with commercial
germination potting substrate (SIRO, Portugal). At third leaf appearance (approximately three

weeks after sowing) seedlings were selected for uniformity, transferred to single-plant pots
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(20.5 cm high, 10.5 cm diameter) filled with 50 g of 0.1 to 1.5 mm-grade vermiculite and into
four groups for applying the studied abiotic stresses: control (CTR; 10.5 mM N; 100% field
capacity), nitrogen deficit (N; 5.3 mM N), water deficit (W; 50% field capacity) and combined
deficit (N+W; 5.3 mM N; 50% field capacity). Since we aimed at having a progressive water
deficit, as seedling transplanting is a critical phase of the cultivation period, just prior to
transplanting, all pots were irrigated to field capacity (FC), determined using the soll
gravimetric water content method (Joshi et al., 2021), by adding ~230 mL of 100% of the
respective nutrient solution [CTR and W deficit treatments:10 mM NOs7; 0.5 mM NH4*; 1.9 mM
H,PQOy4; 6.1 mM K*; 3.6 mM Ca?*; 1.6 mM SO4?; 2.5 mM Mg?*; 2.6 mM CI; 0.5 mM HCOs (pH
of 5.8 and E.C. of 2.0 dSm™); N deficit and N+W deficit treatments: 5 mM NOs~; 0.3 mM NH,";
1.9 mM H;POq; 6.1 mM K*; 3.6 mM Ca?"; 4.8 mM SO.?; 2.8 mM Mg?*; 5.5 mM Cl-; 0.5 mM
HCOs (pH of 5.8 and E.C. of 2.1 dSm™) both having the same micronutrients composition (35
UM Fe-EDDHA; 10 yM Mn?*; 20.1 uM B; 0.9 uM Cu?*; 5.0 uM Zn?*; 0.5 yM MoO4%).
Following seedling transplanting all pots were covered with black plastic to prevent
evaporation and no more nutrient solution was added until the end of the experiment.
Concerning further irrigation, each pot from CTR and N deficit treatment was weighted and re-
watered (with distilled water) daily, to maintain FC at 100% during the experimental period,
whereas in W and N+W deficits treatment no additional irrigation was supplied until the day
10, resulting in a progressive decrease of substrate FC. At that point, three plants from each
treatment were randomly collected. The average fresh weight of these plants (per treatment)
was subtracted from the total pot weight (per treatment) to calculate the actual weight of the
water/nutrient solution present in the pot (which corresponded to 50% FC for W deficit and
N+W deficit treatments). After day 10, plants were kept at 100% or 50% FC, according to the

respective treatment, for 17 more days by rewatering all treatments daily with distilled water.

2.2 Anatomical traits

At the end of the experimental period (i.e. 27 days after transplantation) the roots of
six plants per treatment were carefully washed. The plants were quickly separated into roots
and shoots and then immediately stored in methanol (n = 6) for subsequent analyses. For
visualization of anatomical structures, thin cross-sections from the middle part of the
hypocotyls were prepared by hand. The sections were placed on clean slides with a drop of
distilled water. The cross sections were stained with 2% phloroglucinol (2% dissolved in 96%
ethanol) and 25% hydrochloric acid to visualize lignin in the samples. All microscopic slides
were observed with an epifluorescence microscope Axioskop 2 plus Zeiss, equipped with an
Olympus DP72 camera (Olympus, Japan), and Quick PHOTO MICRO 3.0 software was used

for image analysis.
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2.3. Plant growth and physiological traits

Additionally, gas exchange analysis was performed with a portable infrared gas
analyzer, model LI-COR 6400 IRGA (LI-COR, Lincoln, NE, USA), at harvest, in the morning
period, on the top leaflet of the youngest fully expanded leaf (n=6). The light intensity, CO
concentration, leaf temperature, and relative humidity conditions were 150 + 1 ymol m™2s™,
400+ 2 ymol mol™, 25+ 1 °C, and 67 + 1%, respectively. The photosynthetic rate (A, umol
m~2 s71), stomatal conductance (gs, mol m=2 s™) and transpiration rate (E, mmol m=2 s™)
were determined. Leaf chlorophyll content was measured on the youngest fully expanded
leaf using the non-destructive chlorophyll meter SPAD (Konica Minolta SPAD-502 model,
Minolta, Tokyo, Japan).

The six plants were then divided into roots, stems, and leaves. After carefully
washing the roots, the dry weight (DW) of each organ was determined, by drying the
samples for 48 h at 105 °C in a ventilated oven. Based on these data, the root-to-shoot

ratio was calculated (n=6).

2.4 Digestion of plant material and estimation of minerals

For the estimation of macronutrients, the dried plant tissues were separately ground
(n=3, each biological replicate consisting of a pool of two individual plants).

The N gquantification was performed using the Dumas method. Briefly, about 100 mg
ground dried plant tissues (roots and shoots) were weighed in an aluminum crucible and
analyzed on the Dumatec™ 8000/FOSS equipment (He flow rate: 195.0 mL min~t and Oz:
300 mL min™, pressure: 1200 mBar). Ethylenediaminetetraacetic acid was used as a
standard for constructing the N calibration curve.

For K, P, Ca, and Mg quantification), 250 mg of the ground dried plant tissues (root
and shoots) were mixed with 12.5 mL of 65% nitric acid and 2.5 mL of hydrofluoric acid in
a Teflon reaction vessel (MARSXpress, CEM Corporation) and heated in a microwave
digestor system (Mars ONE, CEM Corporation). Each biological replicate resulted from a
pool of two plants, that were ground together. The digestion procedure was conducted in
one step, consisting of 175°C, 15 min ramp, and 15 min hold at a pressure of 800 psi and
power of 900 W. The resulting clear solution after the digestion procedure was then brought
to 50 mL with ultrapure water for further analysis and filtered with 0.45 pm filters. Mineral
concentration determination was performed using the ICP-OES Optima 7000 DV
(PerkinElmer, USA) with a radial configuration.

The macronutrient accumulation (mg) was estimated as the coefficient between the

total concentration of a given mineral in all plant tissues (mg/g DW) and the TDW of the
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plant (g). Mineral allocation was calculated as a ratio of the root or shoot content of a given
mineral by the total content of that specific mineral. N utilization efficiency (NUtE) was

calculated by dividing the TDW by the N concentration quantified in the plant.

2.5. Quantification of free amino acids and proline concentration

The free amino acids were extracted using an adapted protocol from Zheng et al.
(2017). Briefly, 800 pL of water acidified with trifluoroacetic acid (pH 3.7) was added to 20 mg
(DW) of a lyophilized powder from roots or leaves (n=3, each biological replicate consisting of
a pool of three individual plants). After 15 min of ultrasonic extraction at low temperature, the
samples were centrifuged at 15 000 g for 20 min (at 4 -C). The gathered supernatant
containing the target metabolites was filtered through a 0.22-micron PTFE syringe filter to
amber autosampler vials.

The identification and quantification of the individual amino acids in roots and leaves
(n=3) subjected to the different treatments were determined with high-performance liquid
chromatography using HPLC Varian ProStar (Varian Inc., Walnut Creek, CA, USA) which
comprised a ProStar 240 ternary pump, a ProStar 410 autosampler, a ProStar 330 photodiode
array detector and a ProStar 363 fluorescence detector. Briefly, a concentrated 100 mg/L
stock solution containing each analyzed amino acid was prepared in 0.1 M hydrochloric acid.
Calibration standards (ranging from (0.8 to 20 mg/L)) were prepared in 0.1 M hydrochloric acid
from the concentrated standard solution and filtered through a 0.45um filter. Internal Standard
(IS) stock solution containing homoserine and norvaline at 20 mg/L was prepared in 0.1 M
chloride hydroxide, with both stock solutions being stored in a refrigerator and protected from
light. Additionally, for the precolumn derivatization, three reagents were prepared: 1) reagent
A: 120 pul of B-mercaptoethanol was mixed with 3 mL of IS stock solution and 500 mg of sodium
tetraphenylborate, and the final volume was adjusted to 25 mL with 0.1 M borate buffer (pH
9.5); 2) reagent B: 3.5g of indoleacetic acid were mixed with 50 mL 0.1 M borate buffer (pH
9.5) with the pH being adjusted to 9.5 with 4 M sodium hydroxide, and again with 0.1 M borate
buffer (pH 9.5) until a final volume of 100 mL; 3) reagent C: 225 mg 2-O-phthaldialdehyde
were diluted in 5 mL of methanol and 500 ul of B-mercaptoethanol until a final volume of 50
mL made up with 0.1 M borate buffer (pH 9.5).

For quantification, the standards or samples were pre-column derivatized with 2-O-
phthaldialdehyde reagent solution. The derivatization reaction was performed in the
autosampler where 250 ul of reagent A and 250 pl of reagent B were added to 100 pl of
standard or sample. After 3 min of reaction, 250 ul of reagent C was added waiting another
3.5 minutes before the reaction mixture was injected (10 uL) onto the HPLC where the

chromatographic separation was done on a Chromolith® Performance RP18 encapped
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column (4.6x100/mm, 5/um particle size, Merck, Darmstadt, Germany) at room temperature.
The fluorescence detector was set at an excitation wavelength of 356 nm and an emission
wavelength of 445 nm. The chromatographic separation was obtained using a binary mobile-
phase gradient elution at a flow rate of 0.8 mL m™ (Table 1). Mobile phase A: 0.06 M disodium
hydrogen phosphate, 0.05 M propionic acid in water-acetonitrile-dimethyl sulfoxide (91.5/6.5/2
vivlv) adjusted to 6.6 pH (with 0.4 M sodium hydroxide); and mobile phase B:
acetonitrile/methanol/dimethyl sulfoxide/water (40/33/20/7 vivivlv), were degassed in an
ultrasonic bath and vacuum filtered through a 0.45-micron membrane filter before use. To
maintain column integrity, a mixture of 60% methanol and 40% water was run for 60 min to
clean the column at the end of each batch of samples. 32 Karat software version 8.0 was used
for instrumental control and data acquisition.

Proline gquantification was performed spectrophotometrically using around 200 mg of
frozen roots or leaves (n=3), according to the method of Bates et al. (1973). Briefly, after
reading samples absorbance at 520 nm, proline levels were calculated through a calibration
curve, previously prepared with known concentrations of proline, and expressed in terms of
fresh weight (fw).

Table 1 - Mobile phases and gradient elution conditions used for amino acids identification

Time Phase A Phase B
(min) (%) (%)
0 100 0
30 90 10
40 80 20
45 75 25
80 60 40
110 15 85
120 50 50
123 95 5
125 100 0

2.6. Statistical analysis

The experimental design was a completely randomized design with twenty-one
biological replicates. The number of replicates used for each specific analysis are described
above. Data were subjected to analyses of variance (ANOVA), followed by Tukey’s post-

hoc test, whenever significant differences were found (p=0.05). Results were expressed as
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mean * standard error (SEM). All statistical analyses were performed in IBM SPSS Statistics
26.

3. Results

3.1. Anatomical traits

Compared to CTR plants, the hypocotyl area on the cross-section decreased in all
deficit treatments ranging from 22% for the N deficit to 30% for the N+W deficit (Figure 1a).
The phloem area (Figure 1b and Figure 2) was significantly affected by single W and N+W
deficit, showing a decrease of 34% and 51%, respectively, compared to CTR plants. A
decrease in the xylem area (Figure 1c and Figure 2) concerning CTR plants was observed for
all deficit treatments and varied between 29% for the W deficit and 40% for the N+W deficit.
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Figure 1 - Hypocotyl area (a) phloem area (b) and xylem area (c) on cross-section of the hypocotyl of tomato plants cv Micro-
Tom grown for 27 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W;
10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean + SEM (n =
3). Different letters above bars indicate significant differences according to the Tukey’s HSD test (p=0.05)
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(a) LT hfueas, (b)

Figure 2 - Cross sections of tomato hypocotyls with histochemical visualization of lignin. Plants were grown for 27 days under
control (CTR; 10.5 mM N + 100% W) (a), nitrogen deficit (N; 5.3 mM N + 100%W) (b), water deficit (W; 10.5 mM N + 50% W) (c)
or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W) (d). Abbreviations: p — secondary phloem, x — secondary
xylem. Scale bar 500 um

3.2. Plant growth and physiological traits

All the imposed deficits affected plant growth (Figure 3). RDW was not affected in
plants subjected to W deficit, but it was decreased by 25% by N deficit and by 50% by N+W
deficit, compared to CTR plants (Figure 3a). Single N deficit or W deficit decreased SDW by
31%, but this decrease was 60% for N+W deficit, compared to CTR plants, and 42%,
compared to the single deficits (Figure 3b). LDW responded in a similar way as SDW when
compared to CTR plants, however, no significant differences were found between N deficit
and N+W deficit plants (Figure 3c). The root-to-shoot ratio was about 24% higher in W deficit
plants compared to CTR plants and about 17% higher compared to N or N+W deficit plants
(Figure 3d).
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Figure 3 - Root (a) stem (b) and leaf dry weight (c) and root-to-shoot ratio (d) of tomato plants cv Micro-Tom grown for 27 days
under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or
combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean + SEM (n = 6). Different letters above
bars indicate significant differences according to the Tukey’s HSD test (p=0.05).

Single N deficit and N+W deficits led to 32% lower chlorophyll content compared to
CTR plants. Interestingly, plants subjected to the combined N+W deficit had intermediate
levels compared to the single deficits (14% decrease compared to plants grown under the W
deficit and 26% increase compared to single N deficit), showing that single N deficit had a
stronger effect on these traits (Figure 4a). Photosynthetic rate responded in a similar way as
chlorophyll content when compared to CTR plants, however, no significant differences were
found between W deficit and N+W deficit plants (Figure 3c). On the other hand, stomatal
conductance and transpiration rate were significantly affected in plants grown under combined
N+W deficit, decreasing its values by up to 68% and 70%, respectively, compared to all the

other experimental conditions (Figure 4c and d).

114



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

a) b)
80 6
<
a a Q<
n 60 = b T O ab
g —_ o 44 T
= o £
© c B oo b
: g9
o 3‘0 2
”n 20 Sk
=
L
o
’ N ’ & o
L&
9 & &
c) d)
5 0 0.3 "
c —~0.031 a %;‘ a
B a o 0.2 T
- (\IJ c
T g0.02 ab S E
= £ % € 0.1 b
g <0.011 b §‘E’ ==
8 =
U) 000' v T 00‘ é s s
< > <&
& Q ‘\x& & &

Figure 4 - Chlorophyll content (SPAD values) (a) photosynthetic rate (b) stomatal conductance (c) and transpiration rate (d) of
tomato plants cv Micro-Tom grown for 27 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N +
100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W).Data
presented are mean + SEM (n = 3). Different letters above bars indicate significant differences according to the Tukey’s HSD test
(p=0.05)

3.3. Mineral composition of plant tissue

Except for N, Ca, and Mg accumulation, which were not affected by the W deficit, the
accumulation of all macronutrients was affected by the imposed deficits (Figure 5). N
accumulation was diminished to the same extent by N deficit or N+W deficit (up to 51%)
compared to CTR or W deficit plants (Figure 5a). K accumulation was significantly lower for
all deficit plants compared to CTR plants. (Figure 5b). When comparing the N+W deficit with
the single deficits significantly lower levels were found: 46% for the N deficit and 58% for the
W deficit (Figure 5c¢). P accumulation was also significantly decreased, especially under the
N+W deficit, where a reduction of up to 78%, compared to all other experimental conditions,
was observed (Figure 5c¢). Ca accumulated up to 40% less under N+W deficit compared to
CTR or W deficit plants, but its accumulation was similar compared to plants grown under
single N deficit (Figure 5d). Mg accumulation followed the same trend as K, being significantly
reduced (up to 55%) (Figure 5e).
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Figure 5 - Nitrogen (N) (a) potassium (K) (b) phosphorus (P) (c) calcium (Ca) (d) and magnesium (Mg) (d)
accumulation per tomato plant cv Micro-Tom grown for 27 days under control (CTR; 10.5 mM N + 100% W),
nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water
deficit (N+W; 5.3 mM N + 50% W). Data presented are mean + SEM (n = 3). Different letters above bars indicate
significant differences according to Tukey’s HSD test (p=0.05).

The imposed deficits affected the partitioning of all macronutrients except for N (Figure
6a). Plants grown under the N+W deficit increased K allocation to shoot up to 23% in

comparison to plants grown under single deficit (Figure 6b). However, for P, an increased
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allocation to roots of up to 16% was observed in N-deficit plants compared with the other
treatments, while for Ca an increased allocation to shoots of up to 9% was observed in N-
deficit plants compared with the other treatments (Figure 6¢ and d). On the other hand, Mg
allocation to roots increased by up to 85% in plants grown under W deficit compared with all

the other treatments (Figure 6e).
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Figure 6 - Nitrogen (N) (a), potassium (K) (b) phosphorus (P) (c) calcium (Ca) (d), and magnesium (Mg) (d) content ratio of
tomato plants cv. Micro-Tom grown for 27 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N +
100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W).Data
presented are mean + SEM (n = 3). Different letters above bars indicate significant differences according to the Tukey’s HSD test

(p=0.05
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NULE was significantly lower for plants grown at W or N+W deficit (up to 22%) (Figure
7.
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Figure 7 - Nitrogen utilization efficiency (NUtE) of tomato plants cv. Micro-Tom grown for 27 days under control (CTR; 10.5 mM
N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water
deficit (N+W; 5.3 mM N + 50% W). Data presented are mean = SEM (n = 3). Different letters above bars indicate significant
differences according to the Tukey’s HSD test (p=0.05).

3.4. Free amino acids and proline composition of plant tissue

In general, the amino acid concentration was lower in roots than in leaves. In roots,
from the 16 quantified amino acids, only tryptophane was not significantly affected by the
imposed deficits (Table 1). Most of them were significantly lower when plants were grown
under single N deficit than when they were grown under the N+W deficit [alanine (52%),
asparagine (89%), aspartic acid (54%), glutamine (75%), leucine (17%), methionine
(29%), phenylalanine (29%), proline (78%), serine (45%), threonine (24%), tyrosine (75%)
and valine (26%)]. Interestingly, in general, N+W deficit plants had an amino acid profile
like W deficit plants, except for arginine, alanine, tyrosine, and phenylalanine, where
compared to this group an increase of 25%, 51%, 81%, and 23%, respectively, was
observed (Table 1).

In the leaves, only 5 amino acids were not significantly affected by the imposed
deficits (isoleucine, leucine, methionine, phenylalanine, and threonine; Table 1).
Comparing CTR plants to plants grown under N deficit or N+W deficit, the levels of
asparagine (up to 75%), aspartic acid (up to 31%), glutamine (up to 40%), serine (up to
34%), and valine (up to 35%) were significantly lower, while proline concentration was
significantly higher (up to 77%) (Table 1). On the other hand, single W deficit only affected
proline and tryptophane, which were significantly higher (96% and 14%, respectively)
compared to CTR plants. In contrast to roots, leaves of plants grown under N+W showed,
in general, an amino acid profile like both single deficits, except for asparagine, aspartic

acid, arginine, glutamine, and serine which were more similar to N deficit leaves (Table 1).
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Table 2 - Free amino acids and proline concentration of tomato plants cv Micro-Tom grown for 27 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water

deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N+ 50% W).

ROOT LEAVES
Amino acid } p-
CTR N deficit W deficit N+W Deficit CTR N deficit W deficit N+W Deficit
(ug/g DW) value value
Alanine 73.0+5.42 28.3+6.8°¢ 39.2+6.0P 59.3+7.52 0.0051 263+252b 144+24b 3174362 196+29ab 0.0130
<0.000
Asparagine 135+12b 47.4+4.1¢ 40645.02 4461462 1 66.3+6.32 16.3+1.2b 63.246.32 22.6+5.9P 0.0002
Aspartic Acid 412+442 204+21b 359+142 4404152 0.0009 858+232 5954340 8754592 595+20° 0.0007
Arginine 38.6+5.4b¢ 29.1+£3.3°¢ 51.1+5.7b 63.8+£3.42 0.0035 87.3+9.3% 49.0+7.9° 112+8.72 61.2+9.5P 0.0042
Glutamate 369+272 206+20° 214+5.70 304+432b 0.0083 469+31ab 3464352 557+440 383+472b 0.0236
<0.000 <0.000
Glutamine 541+40P 228+23.6° 911+3.32 9061632 . 4284212 260+14° 507+232 257.0+25b 1
Isoleucine 77.9+4.22 45.10+6.8P 76.0+4.52 57.3+3.5% 0.0041 107+9.9 78.2+8.1 100+0.8 93.6%5.8 0.0958
Leucine 102+9.82 65.6+5.8° 94.8+7.02 78.8+5.12 0.0269 116+20 123+7.9 175+17 149+10 0.0749
45.4+2 22b 36.5+1.8° 50.8+1.72 51.4+£3.32 0.0068 39.6%£3.0 38.0+2.2 40.2+0.8 39.3%£3.2 0.9299

Methionine




Phenylalanine 72.442.2% 59.1+1.6° 68.10.7° 83.5¢4.22  0.0009 144+13 133475 155+20 137+16 0.7404
<0.000

Proline 69.5+12° 76.7+20° 4274352 341+18° ) 118+12° 175+4.1° 232+2.42 209421 0.0009

<0.000

Serine 126+7.12 68.15.8¢ 102+3.9° 123+1.6®  0.0001 173+6.92 121+7.1b 200+3.5° 115+10° )

Threonine 110+7.3 75.3+5.4b 97.9+2.52 98.7+4.72  0.0104 121+7.4 93.3+9.5 108+14 110413 0.4546
<0.000

Tyrosine 18.5¢1.12 5.24+0.5¢ 11.8+2.0° 21.3+0.22 ) 1474142 96.2+10P 166+122 116+15% 0.0226

Tryptophane 99.2+4.2 106+3.0 104+4.1 104+8.9 0.8656 298+10° 30443.7% 341+1.42 274+13° 0.0038

Valine 91.2+0.92 60.9+3.4° 83.3+4.72 82.4+5.1%  0.0032 155+142 98.6+4.6 142+4.7% 106+13.7°  0.0111

Data presented are mean + SEM (n = 3). Different letters indicate significant differences according to the Tukey’s HSD test (p=0.05)
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4. Discussion

To the best of our knowledge, this is the first study that compared the anatomical traits,
mineral accumulation and partitioning, and amino acids concentration of plants subjected to
single N deficit or W deficit with the response of those plants subjected to the combination of
both deficits at the same time.

Drought and N deficiency are major environmental factors affecting plant growth and
productivity (Fernandes et al., 2022). Various anatomical changes such as reduction in the
size of the phloem, and xylem, reduced thickness of cortical cell layer as well as surface
structures, including epidermal cell length, have been observed as a consequence of drought
stress in plants (Shafgat et al., 2021). Here, we observed a decreased cross-sectional
hypocotyl area, as well as reduced xylem and phloem area in plants grown under single N or
W deficit, and in those plants that were exposed to N+W deficit. The response in stem diameter
under water deficit has been studied frequently, and the data shows that under drought stress,
the stem may shrink (Lovisolo and Schubert, 1998). However, stem diameter exhibits diurnal
variation, and it also depends on plant evaporative demand (Fernandez and Cuevas, 2010).
Size reduction in these anatomical traits is the direct response to stress conditions and plays
a functional role in acclimation to drought. For instance, plants with decreased xylem vessel
diameter showed a higher survival rate in comparison to plants with enlarged xylem vessel
diameter under drought conditions (Shafqgat et al., 2021; Qaderi et al., 2019). Furthermore,
xylem thickness and xylem cell layers are reduced under low N supply (Song et al., 2019).
Moreover, low N supply together with drought stress was shown to cause even more decrease
in xylem thickness and number of xylem cell layers of Populus alba, when compared to control
conditions or drought treatment with adequate N supply (Song et al., 2019). However, in our
study, the anatomical traits were affected to the same extent by the three different deficits.

Several studies demonstrated that water and/or N deficit severely affect tomato
performance leading to a growth reduction (recently reviewed by Machado et al, 2022). In our
study, both deficits, either individually or in combination, decreased the LDW and SDW, with
the combination of both resulting in a larger reduction (Figure 3b and c). RDW was also
decreased in N and N+W deficit, but not in W deficit (Figure 3a). Plants subjected to W deficit
increased root-to-shoot ratio, reflecting a higher partitioning towards the roots (Figure 3d).
Indeed, due to the stronger effect of water deficit on shoots than on root growth, the root-to-
shoot ratio tends to increase with drought (Du et al., 2018; Moles et al., 2018). This is a
common mechanism used by plants to cope with water shortage and might have contributed
to a better performance of these plants compared to those under N+W deficit, as

demonstrated by higher chlorophyll content and photosynthetic capacity (Figure 3a, 4a, b). In
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contrast, plants under N+W did not manage to develop their root system to reach the water
available in deeper substrate layers and probably were subjected to a more severe water
deficit, closing the stomata as a mechanism to decrease transpiration rate (Figure 3a, 4b, c,
d). Indeed, stomatal closure is one of the first reactions to drought stress in most plants, being
used as a mechanism to prevent water loss from transpirational pathways (Pirasteh-Anosheh
et al., 2016). On the other hand, N-deficient plants reduce their photosynthetic capacity due
to the N partitioning dependence of the photosynthetic machinery (Bassi et al., 2018). In our
study, plants subjected to N deficit showed the lowest photosynthetic rate, probably caused
by N remobilization, a common process occurring under N deficiency (Sakuraba, 2022), which
resulted in lower chlorophyll content (Figure 4a and b). However, plants under N+W deficit
had a different N remobilization strategy as in this case the decrease in the chlorophyll content
was smaller which consequently led to a higher photosynthetic rate compared to single N
deficit (Figure 4a, b).

In general, plants grown under all types of deficit had lower macronutrient
accumulation compared to CTR conditions, with this decrease being more pronounced in
plants subjected to N deficiency (single and combined) (Figure 5). This probably occurred due
to the underdevelopment of the plant's root system compared to plants grown under CTR or
W deficit (Figure 3a). Roots have an important role in water and nutrient uptake, with both N
or water deficits being primarily perceived in this structure (Tajima, 2021). This also explains
why plants subjected to W deficit managed to maintain N accumulation compared to CTR
plants (Figure 3a and 3d and Figure 5a). This higher accumulation of N by plants under the W
deficit may have facilitated coping with this deficit by producing defense molecules such as
osmolytes. In fact, the NOz  molecule itself is known to have an osmoregulatory function as
demonstrated by Handa et al. (1983) who attributed 4.5% of the total osmotic potential to this
molecule in tomato plants. On the other hand, NO3z uptake has been shown to stimulate K*
uptake, suggesting that the NO3z ion might be used as an accompanying anion during K*
uptake and/or transport (Zhang et al., 2010). This hypothesis is in accordance with our results
as in plants under NOs"deficiency (N and N+W deficit) K accumulation was greatly decreased
(Figure 5b). However, plants grown under N+W deficit altered K partitioning towards the
shoots (Figure 6b). K has a known effect on osmoregulation being responsive for
photosynthesis regulation through osmotic balances and changes in guard cell turgor,
affecting stomatal and mesophyll conductance (Trankner et al., 2018). This agrees with the
decrease in stomatal conductance found in plants grown under the N+W deficit (Figure 4c).
On the other hand, P has poor mobility in soil not being easily accessible by plant roots
(Holford, 1997). This lower accessibility is further aggravated by a smaller root system and

lower soil moisture which impairs nutrient uptake (Hu et al., 2007; Wang et al., 2006). P
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accumulation was lower in all deficits, especially under the N+W deficit where plants showed
the lower RDW (Figure 3a and 5c). Ca acts as a secondary messenger in response to stress
signals and its transport to the shoot depends on high transpiration rates (Gilliham etal., 2011;
Kumar et al., 2014). In this study, plants grown under N deficiency may have activated that
defense mechanism, however, when N deficit was applied in combination with W deficit, plants
were unable to translocate Ca to the shoots due to a lower transpiration rate (Figure 4d and
6d). Mg is pointed out as having a role in increasing root growth and consequently root uptake
of nutrients and water (Li et al., 2020). Therefore, the lower partitioning of Mg to shoots in
plants subjected to W deficit may be the cause of the improved root system of these plants,
which might have improved the water uptake and consequently decreased the negative effects
of water deficit (i.e. maintenance of chlorophyll content, photosynthesis, stomatal
conductance, and transpiration rate) (Figure 3a, 2 and 6e). Interestingly, Mg partitioning to
shoots is increased in N deficit (Figure 6e). N and Mg might act antagonistically because it
was already found that Mg is enhanced by N deficiency and reduced by N supply in citrus
plants (Heo and Park, 2022).

Understanding how plants accumulate N is important to comprehend how they respond
to a specific stress. For example, in our study plants grown under N deficiency prioritized N
towards growth (higher NUtE), while plants subjected to W deficit (single and combined) seem
to have utilized N to produce drought-related compounds (Figure 7). Amino acids are the first
stable products of inorganic N assimilation consequently decreasing under N deficiency
(Nunes-Nesi et al., 2010). This tendency was also observed in our study, as plants under N
deficit generally showed a lower free amino acids concentration, especially in the roots (Table
1). When the N deficit was applied in combination with the W deficit, this trend was only
observed in the leaves. On the other hand, free amino acids are known to act as osmolytes
helping plants to increase their osmotic potential under drought stress (Ozturk et al., 2021).
One of the most abundant amino acids is glutamate which functions as an important precursor
for other amino acids such as proline, one of the most conspicuous osmolytes (Alfosea-Simoén
et al., 2020; Kumar et al., 2017). Additionally, besides its function as an osmoprotectant,
proline is also known for acting on the scavenging of drought-induced reactive oxygen species
(Sharma et al., 2011). In this study, proline synthesis was higher upon W deficit (single and
combined) and seemed to mainly have occurred in the roots. This increase was accompanied
by a lower glutamate concentration when plants were subjected to either one of the single
deficits but not to the combination of both (Table 1). Additionally, both W and N+W deficits
increased glutamine synthesis, contrarily to single N deficit where a decrease was found.
Furthermore, arginine was specifically increased in the roots of plants grown under the N+W

deficit (Table 1). Arginine is the amino acid with the highest N/C ratio with glutamate being an
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intermediate product in its biosynthetic pathway (The et al., 2020; Winter et al., 2015). Arginine
metabolism plays a key role in N distribution and recycling in plants but also acts as a
precursor of the biosynthesis of polyamines and nitric oxide, which are important messengers
involved in almost all physiological and biochemical processes related to plant acclimation to
stress (Winter et al., 2015). Although plants grown under single W deficit did a higher
investment in glutamine and proline biosynthesis to increase their osmotic potential, plants
grown under N+W deficit used glutamate to produce both amino acids and arginine, possibly
as a strategy to increase their osmotic potential but also to improve N distribution and recycling
(Table 1).

Another important amino acid for N transport and storage is asparagine which was
reported to increase under drought conditions (Lea et al., 2007). In our study, asparagine was
also significantly increased in the roots of plants subjected to W deficit (single or combined)
(Table 1). In most plant species, N partitioning within the plant occurs in the form of amino
acids with root-synthesized amino acids being transported in the xylem to mature source
leaves, where they can be used as an N source for the building of the photosynthetic
apparatus (Perchlik and Tegeder, 2018). Asparagine has been pointed out as being the major
N transport compound in the xylem from the root to the leaves (Lea et al., 2007). Therefore,
the observed increase in root-synthesized arginine and asparagine for plants subjected to
N+W may explain why these plants were able to mitigate the detrimental effects of N
deficiency on the photosynthetic machinery (Figure 4a and b).

Levels of alanine, tyrosine, and phenylalanine were also specifically higher in the roots
of plants grown under the N+W deficit. These amino acids, together with arginine were
previously reported as acting against osmotic stress in tolerant and sensitive varieties of rice
(Matsunami et al., 2020). Muscolo et al. (2015) also reported a large increase in phenylalanine
and tyrosine in two drought-sensitive accessions of lentils which the authors related to the
initiation of lignification, a mechanism used to alleviate damage from drought stress at the root
level. Many secondary metabolites are synthesized as a mechanism to protect the cells from
oxidative damage, with most of them being derived from the aromatic amino acids
phenylalanine and tyrosine through the phenylalanine ammonia-lyase (PAL) pathway. These
results suggest that plants under N+W deficit specifically changed their amino acid pool to

cope with both abiotic stresses.

5. Conclusions

This study suggests that the mechanisms involved in tomato plants' response to
combined N+W deficit are different and cannot be predicted from the single deficits. Plants

grown under combined N+W deficit responded mainly through an increased root synthesis of
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several amino acids. Arginine and asparagine increase at the root level contributed to lower
N remobilization from the photosynthetic machinery as demonstrated by the lower reduction
in chlorophyll content and photosynthetic rate in comparison with plants under single N deficit.
Additionally, plants grown under combined N+W deficit increased the reallocation and
synthesis of osmolytes such as K* and proline, respectively, which contributed to stomatal
closure and a lower transpiration rate compared to plants under single deficit. Other amino
acids related to osmoregulation such as alanine, tyrosine, and phenylalanine were also
specifically higher in the roots of plants grown under N+W deficit. On the other hand, under
single W deficit plants invested relatively more in the root system stimulating the uptake of
water and nutrients compared to plants grown under combined N+W deficit, being able to

maintain physiological processes such as photosynthesis.
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water deficit

Abstract

Exploring sustainable strategies for improving crop water and nitrogen use efficiency is
essential. Silicon (Si) has been reported as a beneficial metalloid for plants since it alleviates
several abiotic stresses (including drought) by triggering the plants” antioxidant system.
However, its role in mitigating the negative impact of nitrogen (N) deficit alone or when
combined with water (W) deficit is not well studied. This study applied 0 or 2 mM of Na,SiO to
three-week-old tomato cv. Micro-Tom seedlings that were grown under the following
conditions: control (CTR; 100%N+100% Field Capacity), N deficit (N; 50% N + 100% Field
Capacity), water deficit (W; 100% N + 50% Field Capacity) or combined stress (N+W; 50% N
+ 50% Field Capacity. The Si effect on tomato plant growth depended on the type of stress.
Si could only alleviate stress caused by the N+W deficit resulting in a higher root dry weight
(by 28%), total dry weight (by 23%), and root length (by 37%). Alongside this, there was an
increase in the antioxidant (AOX) system activity with the root activity of the studied AOX
enzymes APX and CAT being enhanced by 48% and by 263%, respectively. Si application
also enhanced AOX enzyme activity when tomato plants were subjected to individual deficits
but to a lesser extent. In conclusion, Si-treated tomato plants could efficiently modulate their
AOX networks in a situation of combined N and water limitation, thus mitigating some of the
adverse effects of this combined stress.

1. Introduction

Considering the increasing demand for food and the need for more environmentally
friendly agriculture (Jhariya et al., 2019), finding alternative and sustainable solutions to
ensure the efficient use of water and nitrogen (N) is a great priority, as these two resources
have a huge impact on crop yield (Fernandes et al., 2022). Besides the direct consequences
of climate change on water availability, this also brings an additional threat to food security as
several studies have demonstrated that the continuous increase of the atmospheric CO2
concentration negatively impacts the N status of most C3 plants, leading to lower yield and
nutritional crop value (Gojon, 2017).

Numerous morphological, physiological, and metabolic changes are common in plants

subjected to N or drought stress (reviewed by Machado et al., 2022). Commercial tomato
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cultivars (Solanum lycopersicum) are quite sensitive to these deficits at all stages of plant
development (Du et al., 2018; Heuvelink et al., 2020) meaning that large amounts of fertilizers
and irrigation must be used during their production cycle (Sandhu et al., 2021). Moreover,
considering the increased consumption of fresh tomato and tomato-derived products and the
economic importance of this crop worldwide (Costa and Heuvelink, 2018), it is of high
importance to study its responses to these abiotic stresses.

A sustainable method that is receiving great attention in recent years, due to its role
on alleviating the negative effects of several abiotic stresses, is the application of silicon (Si)
(Bokor et al., 2021; Nunes da Silva et al., 2022). For instance, supplementation with Si has
been adopted as an effective strategy for relieving drought stress and improving the drought
resistance of several crops (recently reviewed by Bokor etal., 2021; Malik et al., 2021; Thorne
et al., 2020; Verma et al., 2022; Wang et al., 2021). In contrast, knowledge about the role of
Si in alleviating nutrient deficiencies is far scarcer, as pointed out by Ali et al. (2020) and
Pavlovic et al. (2021). In recent studies it was shown that the application of Si had a positive
impact on N uptake, assimilation and remobilization, which in turn can contribute to improving
N utilization within plant tissues (Minden et al., 2021; Pavlovic et al., 2021). Nevertheless,
most of this research was conducted on Si accumulating species such as rice and wheat.
Concerning Si non-accumulating species (Si excluders), such as tomato, which exhibit
passive absorption and much less accumulation of Si (Hoffmann et al., 2020; Liang et al.,
2007), the literature is limited.

One of the key mechanisms proposed by Liang et al. (2007) for the alleviation of abiotic
stress in higher plants using Si has to do with the stimulation of the antioxidant system (AOX).
Previous reports demonstrated that exogenously applied Si can enhance the AOX system
under drought stress, including in tomato plants, where a Si-mediated significant decrease of
reactive oxygen species (ROS) was observed (Shi et al., 2016). In the same study, the authors
reported an increase in the activity of the AOX enzymes superoxide dismutase (SOD) and
catalase (CAT) as well as in the concentration of the non-enzymatic AOX molecules ascorbic
acid and glutathione. For wheat and maize, under drought stress, it has also been shown that
Si decreases oxidative damage, ROS, phenolics concentration, and ascorbate peroxidase
(APX) activity, but increases SOD and CAT (Gong et al., 2005; Parveen et al., 2019; Sattar et
al., 2020; Xu et al., 2017). Peroxidase (POD) showed some variability in responses: while
some authors found no significant differences (Gong et al., 2005), others noticed a decrease
(Xu et al., 2017) or reported an increase in the activity of this enzyme (Parveen et al., 2019;
Sattar et al., 2020). Concerning the effects of Si on crops grown at N deficit, most studies
focus on the role of Si on N uptake and transport directly and less on the AOX system, which

needs further investigation (Ali et al., 2020). Additionally, to the best of our knowledge, so far
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there are no studies on the effects of Si on combined N and water deficit, which is surprising
given that often plants do not face only one individual abiotic stress, but rather a combination
of them. This requires that more research explores the complex acclimation mechanisms,
which cannot be predicted from the responses obtained when stressors are applied
individually (Garcia-Marti et al., 2019; Hussain et al., 2018; Pandey et al., 2015;). Thus, we
hypothesize that tomato responses to Si supplementation under combined N and W deficit
cannot be directly predicted from the responses obtained for the single stresses and that the
AOX system plays an important role in the defence mechanism employed by tomato.

This study aimed to: (i) evaluate if Si supplementation can be used as a strategy to
help tomato plants to cope with N deficit alone and/or when combined with water deficit; (ii)
understand the impact of Si on the AOX responses (AOX activity, secondary metabolism

responses and enzymatic activity) in plants subjected to single or combined N and W deficit.

2. Material and Methods

2.1. Plant material and growth conditions

The experiment was carried out in a growth chamber under controlled environmental
conditions (temperature: 25 °C day/ 23 °C; night; relative humidity: 70%; photosynthetic
photon flux density (PPFD): 150 pmol m2s*; photoperiod: 16 h light).

At the stage of third leaf appearance (approximately three weeks after sowing)
seedlings from tomato plants cv. Micro-Tom were selected for uniformity and transplanted to
single-plant pots (10 cm high, 10 cm diameter) filled with 0.1 to 1.5 mm-grade vermiculite (50
g). At this stage plants were divided into eight experimental groups, resulting from the
combination of: four levels of deficit conditions [control (CTR; 10.5 mM N; 100% field capacity),
N deficit (N; 5.3 mM N), water deficit (W; 50% field capacity) and combined deficit (N+W; 5.3
mM N; 50% field capacity] and two levels of Si supply [OmM or 2 mM of sodium silicate
(Na,SiO3) solution (27% SiO (w/v) dissolved in 14% NaOH (w/v); Sigma).

Since we aimed at having a progressive water deficit, as seedling transplanting is a
critical phase of the cultivation period, just prior to transplanting, all pots were irrigated to field
capacity (FC), determined using the soil gravimetric water content method (Joshi et al., 2021),
by adding ~230 mL of the nutrient solution supplied with 0 or 2 mM of Na,SiOs, depending on
the treatment. Two types of nutrient solutions were used. A full nutrient solution was applied
to the CTR and W deficit plants [10 mM NO37; 0.5 mM NH4™; 1.9 mM H:PO4'; 6.1 mM K+; 3.6
mM Ca?*; 1.6 mM SO.%; 2.5 mM Mg?*; 2.6 mM CI; 0.5 mM HCOgs (pH 5.8 and electrical
conductivity — EC — of 2.0 dSm™)]. Plants subjected to single N deficit or combined N+W deficit
were irrigated with a nutrient solution containing half the amount of N [5 mM NOs’; 0.3 mM
NH4*; 1.9 mM H,POy; 6.1 mM K+; 3.6 mM Ca?*; 4.8 mM SO42-; 2.8 mM Mg?*; 5.5 mM CI;; 0.5
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mM HCOs (pH 5.8 and EC of 2.1 dSm)]. Both nutrient solutions had the same composition
in terms of micronutrients (35 yM Fe-EDDHA,; 10 uM Mn?*; 20.1 uM B®*; 0.9 uM Cu?*; 5.0 uM
Zn?*; 0.5 yM Mo0O4?). Following seedling transplanting all the pots’ surface was covered with
black plastic to prevent evaporation.

During the experimental period each pot from the CTR and N treatment (with or without Si
supplementation), was weighted and re-watered (with distilled water) on a daily basis, to
maintain water content at 100% FC. In contrast, for plants under single or combined water
deficit (W and N+W) with 0 or 2 mM of Na,SiO3, no additional irrigation was supplied, resulting
in a progressive decrease of water content to 50% of FC (day 10) which was then kept at this
point (with distilled water for an additional 17 days). At day 27 post-transplantation, all the
plants were harvested and used for the analysis of morphological and physiological
parameters (n=6). For the biochemical analysis, roots were carefully washed, and plants were
quickly separated into roots and leaves being immediately frozen in liquid nitrogen and stored
at -80 °C until analyses. For the analyses (n = 3), plant organs were ground and homogenized
in liquid nitrogen using a mortar and pestle. Each biological replicate resulted from a pool of

three plants that were ground together.

2.2. Biometric traits

At the end of the experimental period, plant height, as well as the maximum root length,
were recorded. The total leaf number was obtained by counting leaves larger than 1cm and
total leaf area (LA) was measured using a LI-3100C area meter (LI-COR, Lincoln, Nebraska,
USA). The dry weight (DW, 48 h at 105°C in a ventilated oven) of leaves (LDW), stems (SDW)
and roots (RDW) were determined. Shoot-to-root ratio (S/R, ratio of the shoot to root DW; g g

1 DW) was calculated.

2.3. Total antioxidant capacity and non-enzymatic components

2.3.1. Preparation of the extracts

For the analysis of the total AOX activity (ABTS [2,2-azinobis-(3-ethylbenzothiazoline-
6-sulphonic acid)] free radical scavenging assay) and non-enzymatic components (total
soluble polyphenols and flavonoids), 300 or 250 mg of frozen samples of roots and leaves,
respectively, were extracted with 1.2 or 1.5 mL of 80 % methanol, respectively, under cold
conditions. Samples were centrifuged at 15 000 xg for 15 min and the resulting supernatant

was used for all the analyses.
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2.3.2. ABTS Free Radical Scavenging Assay

ABTS [2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid)] assay was performed
following the protocol described by Goncalves et al. (2009), with slight modifications for 96-
well microplate. Briefly, ABTS«+ solution was generated through a chemical oxidation reaction
with potassium persulfate and its concentration adjusted with methanol to an initial
absorbance of 0.700 (x 0.020) at 734 nm (Multiskan GO Microplate Spectrophotometer,
Thermo FisherScientific Inc., Waltham, MA, USA). To 20 pL of the sample or standard
solution, 180 uL of the adjusted ABTS++ solution was added. The mixture was then incubated
for 5 min at 30 °C, the absorbance was measured at 734 nm and the results were obtained
by calculating the reduction of percentage in sample absorbance (ASPL) with respect to the
control (ACTL) using Equation 1. Trolox was used as a standard to prepare a calibration curve
and the results were expressed as mmol Trolox equivalents/g DW. All reactions were
performed in triplicate, and the radical stock solution was freshly prepared and filtered with a
0.45 um syringe filter.

100
ActL

ABTS scavenging (%) = (Acr, — Aspr) *

(1)

2.3.3. Total phenolics and flavonoids

Determination of total phenolic contents was performed using the Folin-Ciocalteu
reagent following Ramos et al. (2019), with slight modifications. Briefly, 20 yL of extract or
standard was mixed with 80 pL of Folin-Ciocalteu reagent previously diluted 1:10, and 100
uL of 7.5 % (w/v) sodium carbonate was added to the mixture in a 96-well plate. After 60 min
at room temperature and dark conditions, absorbance was measured at 750 nm. Results
were expressed as mg gallic acid equivalents/g of fresh weight (mg GAE/g FW). Each
reaction was performed in triplicate.

Total flavonoids were quantified through the aluminum chloride method adapted
from Zafar et al. (2016). Briefly, an aliquot of each extract (40 uL) was mixed with 20 yL of
10% (w/v) aluminium chloride and 20 pyL of 1 M potassium acetate solutions. Thereafter,
distilled water was added to obtain a final volume of 200 pL in a 96-well plate. After 30 min
of incubation in dark conditions and room temperature, the absorbance at 415 nm was
measured by using a microplate reader. The calibration curve was drawn by using quercetin
as standard and the flavonoid concentration was established in pg quercetin equivalents/g
FW (ug QE/g FW).
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2.4. Enzymatic assay

2.4.1. Enzyme extraction and activity quantification: SOD, CAT, and APX

The extraction of the AOX enzymes was performed under cold conditions according
to Fidalgo et al. (2011), using frozen samples of around 250 mg. After centrifugation, the
supernatants were collected and used for both protein and enzyme quantification following
the protocols described by Soares et al. (2019b). Briefly, protein quantification was
performed as described by Bradford (1976), using bovine serum albumin as standard.
Superoxide dismutase (SOD, EC.1.15.1.1) activity was quantified with a
spectrophotometric assay based on the inhibition of photochemical reduction of nitroblue
tetrazolium (Donahue et al., 1997). Absorbance was read at 560 nm and results are
expressed as units of SOD mg™ protein, in which one unit of SOD corresponds to the amount
of enzyme needed to inhibit the photochemical reduction of NBT by 50% (Spormann et al.,
2022). Catalase (CAT, EC.1.11.1.6) activity was determined spectrophotometrically by
measuring CAT-mediated H.O, degradation (¢ 240 nm = 39.4 mM?* cm™) (Aebi, 1984).
Absorbance measurements were recorded every 5 s for 60 s, and results were expressed
as mmol H,O2 min't mg of protein. Ascorbate peroxidase (APX, EC.1.11.1.11) activity was
determined by monitoring the oxidation of ascorbic acid (AsA) for 1 min, with readings every
5 s (€ 200 nm = 0.49 Mt cm™?) (Nakano and Asada, 1981); results were expressed as mmol
dehydroascorbate (DHA) min/mg of protein. The protocols for quantifying CAT and APX

activity were adapted to UV-microplates following the adaptation from Soares et al. (2019b).

2.5. Statistical analysis

Results were expressed as mean * standard error of the mean (SEM). The effects of
deficit level and silicon supply on plant growth parameters and AOX system were analysed
with a two-way ANOVA, using deficit level, silicon supply and their interaction as fixed factors.
Mean separation was based on Fisher’s protected least significant difference (LSD) test at
p =0.05 using IBM SPSS Statistics 26 and GraphPad Prim 8.

3. Results

3.1. Plant Growth

The deficit level significantly (p < 0.001) affected all plant growth parameters (Table 1,
Figures 1 and 2), but Si supplementation significantly (p < 0.001) increased root length at all
deficit levels (21% CTR, 18% N, 30%W, 37% N+W). (Table SM1, Figure 2b). Deficit level and
Si supplementation showed a significant interaction for RDW (p = 0.002) and TDW (p = 0.021).

When Si was added to plants grown under W deficit a significant reduction of 15% occurred
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in both RDW and TDW. On the other hand, plants grown under N+W deficit and supplemented
with Si significantly increased their RDW by 29% and their TDW by 23%.

Table 1 — Effects of deficit level: control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit
(W; 10.5 mM N + 50% W) or combined nitrogen or water deficit (N+W; 5.3 mM N + 50% W)) and silicon supplementation (two
levels: 0 mM Na,SiOz; or 2mM Na,SiO3) on the growth traits of tomato plants cv. ‘Micro-Tom’ grown for 27 days. F ratios and
associated p values are shown. Significant p values (<0.05) are indicated in bold.

Deficit Level Silicon Supplementation Interaction
Growth Traits
F(3,40) Sig. F(1,40) Sig. F (3,40 Sig.

RDW 25.48 <0.001 0.001 0.979 5.830 0.002
SDW 72.28 <0.001 0.000 1.000 0.000 1.000
LDW 25.67 <0.001 0.127 0.723 2.146 0.110
TDW 44.56 <0.001 0.102 0.751 3.637 0.021
Shoot/Root Ratio 11.51 <0.001 0.186 0.668 1.410 0.254
LA 29.37 <0.001 1.004 0.322 1.399 0.257
Height 47.20 <0.001 0.014 0.906 0.681 0.569
Root Lenght 15.26 0.001 22.34 0.001 0.223 0.880
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Figure 1 — Root dry weight (a), stem dry weight (b), leaf dry weight (c), total dry weight (d), shoot-to-root ratio (e), and leaf area
(f) of tomato plants cv. ‘Micro-Tom’ grown for 27 days under four levels of deficit [control (CTR; 10.5 mM N + 100% W), nitrogen
deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N
+ 50% W)] without (0 mM Na,SiO3) or with (2mM Na,SiOs) of silicon (Si) supplementation. Data presented are mean + SEM (n =
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6). Bars represent Fisher's LSD (p=0.05) for the significant interaction deficit level x silicon supplementation and for the
independent effects (D, deficit level; Si, silicon supplementation) when the interaction was not statistically significant.
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Figure 2 - Plant height (a), and root length (b) of tomato plants cv. ‘Micro-Tom’ grown for 27 days under four levels of deficit
[control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or
combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W)] without (0 mM Na,SiO3) or with (2mM Na,SiO3) of silicon (Si)
supplementation. Data presented are mean + SEM (n = 6). Bars represent Fisher's LSD (p = 0.05) for the significant interaction
deficit levels x silicon supplementation and for the independent effects (D, deficit level; Si, silicon supplementation) when the
interaction was not statistically significant.

3.2. Total antioxidant activity (ABTS assay), non-enzymatic components: total

phenolics and flavonoids concentration

Neither the deficit level, the silicon supplementation, nor their interaction significantly
affected the roots or leaves total antioxidant activity (ABTS assay) (p > 0.05, Table 2 and
Figure 3a and b). However, phenolics concentration in roots was significantly affected either
by the Si supplementation (p = 0.024) or the interaction between the deficit level and the Si
supply (p = 0.003) (Table 2). When Si was added to CTR plants a significant increase of 83%
was found (Figure 3c). A significant (p = 0.030) interaction between the deficit level and the Si
supplementation was also found for the flavonoid concentration in the leaves, which was
decreased in plants grown in CTR conditions and supplemented with Si by 31% (Table 2 and
Figure 3f).
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Table 2 - Effects of deficit level: control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W;
10.5 mM N + 50% W) or combined nitrogen or water deficit (N+W; 5.3 mM N + 50% W)) and silicon supplementation (two levels:
0 mM Na,SiO; or 2mM Na,SiO3) on the antioxidant system (root and leaves) of tomato plants cv. ‘Micro-Tom’ grown for 27 days.
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F ratios and associated p values are shown. Significant p values (<0.05) are indicated in bold.

Deficit Level Silicon Supplementation Interaction
AOX System
F3,16) Sig. F(,16) Sig. F3,16) Sig.

ABTS (root) 1.345 0.295 1.109 0.308 0.504 0.685
ABTS (leaves) 2.180 0.130 2.153 0.162 0.175 0.912
Phenolics (root) 2.096 0.141 6.188 0.024 7.030 0.003
Phenolics (leaves) 0.486 0.697 2.972 0.104 2.143 0.135
Flavonoids (root) 0.819 0.502 0.000 0.991 1.640 0.222
Flavonoids (leaves) 0.080 0.970 1.621 0.221 3.872 0.030
APX (roots) 16.94 <0.001 0.930 0.349 22.23 <0.001
APX (leaves) 21.20 <0.001 12.53 0.003 7.147 0.003
CAT (roots) 40.82 <0.001 145.9 <0.001 26.49 <0.001
CAT (leaves) 103.0 <0.001 0.050 0.827 2.383 0.108
SOD (roots) 16.83 <0.001 1.529 0.234 2.533 0.094
SOD (leaves) 18.95 <0.001 60.09 <0.001 87.95 <0.001
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supplementation. Data presented are mean + SEM (n = 3). Bars represent Fisher's LSD (p = 0.05) for the significant interaction
deficit levels x silicon supplementation and for the independent effects (D, deficit level; Si, silicon supplementation) when the
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3.3. Enzymatic components: SOD, CAT, APX

All enzyme’s activity, both in roots and leaves, was significantly (p < 0.001) affected
by the deficit level. Si supplementation alone only significantly affected CAT root activity (p <
0.001) and APX and SOD activity in leaves (p = 0.003 and p < 0.001, respectively) (Table 2).

Deficit level and Si supplementation showed a significant interaction for APX, both in
roots and leaves (p < 0.001 and p = 0.003, respectively; Table 2). While in CTR plants Si
addition led to a 52% significantly lower activity, in plants grown under N or N+W deficit and
supplemented with Si APX activity was actually increased by 98% or by 48%, respectively
(Figure 4a). An interaction between both factors also occurred for the APX activity in the
leaves (p = 0.003; Table 2), being significantly higher (by 103%) in CTR plants grown with Si
supplementation (Figure 4b). The activity of CAT in roots was also significantly increased by
the interaction between deficit level and Si supplementation (p < 0,0001; Table 2). The N+W
plants showed the highest increase (by 263 %), followed by N (by 176 %) and W (by 24 %)
deficits (Figure 4c). Concerning SOD activity, only in leaves an interaction between both
factors was found (p < 0,0001; Table 2). An increase in CTR (by 18%) and in W deficit (by

149%) plants occurred in SOD activity when Si was supplied in the nutrient solution (Figure 4f)
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Figure 4 - APX activity in roots (a) and leaves (b), CAT activity in roots (c) and leaves (d), and SOD activity in roots (e) and
leaves (f) of tomato plants cv. ‘Micro-Tom’ grown for 27 days under four levels of deficit [control (CTR; 10.5 mM N + 100% W),
nitrogen deficit (N; 5.3 mM N + 100%W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W;
5.3 mM N + 50% W)] without (0 mM Na,SiO3) or with (2mM Na,SiO3) of silicon (Si) supplementation. Data presented are mean
+ SEM (n = 3). Bars represent Fisher's LSD (p = 0.05) for the significant interaction deficit levels x silicon supplementation and
for the independent effects (D, deficit level; Si, silicon supplementation) when the interaction was not statistically significant
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4. Discussion

To the best of our knowledge, this is the first study that compares the benefits of Si
application on the AOX response of young tomato plants subjected to single N or W deficit
or combined N+W deficit. By studying a set of plant growth traits and AOX biochemical
parameters, we showed that single and combined N+W deficit hampered plant growth,
particularly when no Si was added to the nutrient solution (Table 1; Figure 1 and 2) and that
tomato plants grown under N+W deficit were able to modulate their AOX network in the
presence of Si (Table 2; Figure 4).

It has been reported that Si plays an important role in plant functioning under stress
conditions, yet under optimal conditions, its role is often reported as being minimal or non-
existent (reviewed by Coskun et al., 2019). Accordingly, concerning plant growth, in our
study, the addition of Si did not cause significant effects in CTR plants, except for root length
which increased (Table 1 and Figure 1 and 2). The positive effects of Si on root morphological
traits, including root length was already observed for several crops and was recently reviewed
by Tripathi et al. (2021). Oppositely, Si addition positively affected growth and biomass
production in several plant species under environmental stress conditions (Bokor et al., 2021;
Coskun et al.,, 2019). However, the literature is very scarce on the effects of Si
supplementation in Si-excluder plants, such as tomato, subjected to N deficiency. In our
study, Si addition to N-stressed plants did not significantly benefit any of the analyzed growth
traits (Table 1 and Figures 1 and 2). The same was previously reported by Haddad et al.
(2018), who also found that for the Si-excluder Brassica napus under N starvation, the Si
treatment did not affect plant biomass. Furthermore, Leal et al. (2021) came to the same
conclusion for cotton plants subjected to N deficiency and supplemented with Si. On the other
hand, the positive effects of Si in mitigating the W deficit are widely reported (recently
reviewed by Bokor et al., 2021; Malik et al., 2021; Verma et al., 2022; Thorne et al., 2020;
Wang et al., 2021;). However, in our work, Si addition to plants under W deficit alone did not
show noticeable effects, except for RDW and TDW where a significant reduction was found,
and for root length which was increased (Table 1 and Figure 1 and 2). This difference in the
results could be due to different experimental design conditions such as the form and
concentration of silicon given to the plants, the type of substrate used, or even using different
tomato genotypes. For example, Zhang et al. (2018) and Shi et al. (2016) used potassium
silicate instead of sodium silicate to conduct their experiment while Shi et al. (2014) utilized
sodium silicate but in a lower concentration of 0.5 mM. Furthermore, a study by Ali et al.
(2018) demonstrated that tomato genotypes subjected to drought stress responded
differently to the application of sodium silicate in a concentration of 1.5 mM, with the tolerant

genotype having no beneficial effects on growth upon Si application. Finally, in most of the
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studies (Ali et al., 2018; Shi et al., 2016; Shi et al., 2014; Zhang et al., 2018), drought stress
was imposed to tomato plants using polyethylene glycol and not through the decrease of
watering per se which may also influence the results. Interestingly, although under single
deficit (N or W deficit) Si addition to the nutrient solution did not result in significant benefits,
under combined N+W deficit it led to an improvement in growth traits such as increased RDW,
TDW, and root length (Table 1 and Figure 1 and 2). This, in turn may be linked to the
stimulation of the AOX system (Table 2 and Figure 3 and 4) as already observed for other
crops under abiotic stress (Bu et al., 2016; Geng et al., 2018; Kim et al., 2017; Shi et al.,
2014).

It is known that under abiotic stress, plants have a complex AOX system for
scavenging toxic ROS, which can be classified as non-enzymatic and enzymatic AOX
systems, that work in tandem to counteract the overproduction of these by-products (Laxa
et al., 2019; Soares et al., 2019a). Si application has been reported as a sustainable way of
increasing the tolerance of plants under several abiotic stresses by boosting plant defence
responses, such as those of the AOX system (reviewed by Kim et al., 2017). In our work,
the total AOX capacity (ABTS) and the non-enzymatic system (phenolics and flavonoids) did
not significantly change after Si addition, except for phenolics content in the roots, which was
increased, and for the flavonoid content in the leaves, which was decreased in CTR plants
(Figure 3). Increasing evidence shows that Si influences the concentration of phenolic
compounds (Hajiboland et al., 2017) which is supported by our findings in CTR plants. Such
increase has also been reported for unstressed strawberry plants (Hajiboland et al., 2018).

However, the enzymatic system responded both to the imposed deficit as well as to
the Si supplementation, demonstrating a higher importance of the enzymatic part of the AOX
system on the deficits studied (Table 2 and Figure 4). In CTR plants supplemented with Si,
APX was decreased in roots but increased in leaves, while CAT did not significantly differ in
any plant organ, and SOD only increased in leaves (Figure 4). This suggests that Si impacted
the tomato AOX response even in CTR conditions, as previously reported by Vega et al.
(2019) after observing that Si application stimulated the AOX system of two healthy barley
cultivars. Interestingly, although after Si addition, APX and CAT were increased in the roots
of plants subjected to all the imposed deficits, it was in the N+W deficit where the Si
application showed a higher impact (Figure 4a and 4c). Shi et al. (2016) observed that Si
improved the growth and development of tomato plants under drought stress by improvement
of root hydraulic conductance due to an increase of the AOX system response. In this study,
the general improvement of the AOX system on the roots of combined N+W tomato plants
may therefore be the reason why this group of plants responded better to the imposed stress.

On the other hand, Si addition increased the activity of SOD in leaves of plants subjected to
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W deficit, but not in the other stress treatments, where no significant changes were observed
(Figure 4c and f). Although Si was already shown to increase the activities of SOD, CAT, and
APX in crops such as wheat, tomato, chickpea, rapeseed, sugarcane and sunflower under
drought conditions (Gunes et al., 2007; Gunes et al., 2008; Shi et al., 2016; Verma et al.,
2020; Xu et al., 2017;), we could not find literature reports about the effect of Si on the AOX
system of plants subjected to singles N or combined N+W deficit. Our results suggest that Si
differentially affects the response of the enzymatic system in plants under single stresses or
in a combination of them, the latter occurring most often. While for single W deficit, Si seems
to have stimulated the enzymatic machinery partly in roots and partly in the leaves, for
combined N+W deficit, and to a certain extent for N deficit, it seems to have acted mostly at
the root level, where a high increase was seen in the activity of APX and CAT enzymes. This
greater impact of Si on the roots of plants grown under combined N+W deficit may be due to
the fact that both the N deficit and the W deficit are primarily perceived by roots (Bengough
et al., 2011; Sun et al., 2020a). On the other hand, since Si was also applied via the root, it
may have led to a greater activation here, as a first line of defence, which could only later be
extended to the leaf. Indeed, the significant role of Si on root development during stress has
been previously noted (Hattori et al., 2005) and was also observed in our study (Figure 2b).
The root growth stimulation by Si application may be the result of root elongation by
increasing the extensibility of cell walls (Hattori et al., 2003).

5. Conclusions

Root Si application on tomato seedlings can partly alleviate the stress caused by
combined N+W deficit as demonstrated by the increase in growth traits such as RDW and root
length which ultimately contributed to their higher TDW. The better performance of plants in
combined N+W deficit supplemented with Si seems to be related, at least in part, to the AOX
system of the roots (where the stresses were first experienced), shown as increased activity
of CAT and APX enzymes. Plants' response to combined stresses cannot be extrapolated
from the responses observed for the single deficits, because for plants subjected to either N
or W deficit the impact of Si was not so evident. These results are highly relevant if we consider
that: 1) plants often do not face only one single abiotic stress, but rather a combination of them
and 2) combined N+W deficit was the treatment where the highest decreases in growth traits
were found, and therefore the treatment where the application of Si would bring more benefit.
Comprehension of the full mechanisms involved in the complex interactions between these
two abiotic stresses and Si application is still in its infancy. It is also not clear yet to what extent

the present findings can be extrapolated to other crops and stress levels.
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Exploring tomato phenotypic variability under combined
nitrogen and water deficit

Abstract

Despite drought and nitrogen (N) deficit being two of the most important crops’ growth limiting
factors, only few studies have explored tomato phenotypic variability in response to both
abiotic stresses. In this study, we aimed to perform a phenotypic evaluation and an analysis
of the growth traits of 40 tomato genotypes (mostly focusing on old cultivars, but also including
modern hybrids and wild tomato relatives’ accessions as anchors) under combined N and
water deficit. Each genotype was divided into two groups: control (100% N, 100% field
capacity) and combined deficit (20% N, 50% field capacity). A total of 14 morpho-physiological
traits were evaluated and further analyzed using multivariate statistical methods. The Principal
Component Analyses revealed considerable phenotypical diversity among tomato genotypes,
with four principal components explaining 82% of the variability. Data integration on a cluster
analysis separated the studied genotypes into three distinct clusters based on their ability to
handle the combined deficit. Tolerance was associated with traits such as lower specific leaf
area, lower leaf area ratio and higher water use efficiency, comparing to the sensitive
genotypes. This study shows that tomato tolerance to combined N and water deficit largely
varies between genotypes and that old cultivars represent a valuable gene pool towards more

sustainable food production systems.

1. Introduction

Population growth, especially in light of global climate change, demands a more rational
use of agricultural resources (e.g. water, fertilizers and land), which poses several challenges
to guarantee global security while promoting sustainable crop production (Fernandes et al.,
2022; Kyalo Willy et al., 2019). The agricultural sector uses about 80% of the total available
freshwater (which is becoming increasingly scarce) as well as high amounts of N fertilizers
that often exceeds crop N requirements (Elbehri, 2015; Esteban et al., 2016a; Liang et al.,
2019). Excessive N fertilization causes environmental problems, such as leaching of nitrate,
being worldwide recognized as a serious issue of public and economic concern, due to its
potential of increasing the eutrophication of freshwater ecosystems, the acidification of
agricultural soils as well as its impact in greenhouse gas emissions (Esteban et al., 2016a;
Fernandes et al., 2022; Liang et al., 2018). To respond to these and other challenges, the
recent European Green Deal (2020), which strives to make Europe the first climate-neutral

continent, has established the need of reducing nutrient losses by at least 50% and fertilizer
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application by at least 20% by 2030 (Schebesta and Candel, 2020). Therefore, it is imperative
to increase agricultural production in a sustainable way where the available resources are
used more efficiently.

Water and nitrogen (N) are two of the most important resources affecting crop growth
and yield (Machado et al., 2022). Several studies demonstrated that drought or N deficit have
an impact on a large number of morphological traits (e.g. leaf area, specific leaf area, leaf
weight ratio, root growth, root hydraulic conductivity and long-lasting root anatomical
changes), as well as dry matter partitioning (promoting root development) (e.g. Du et al., 2018;
Machado et al., 2022; Moles et al., 2018; Wu and Cosgrove, 2000). Furthermore, both abiotic
stresses are known to have a severe impact on the metabolic pathways, including water
relations and photosynthesis impairment, either due to stomatal closure and/or metabolic
damage (Ding et al., 2018; Gonzalez-Dugo et al., 2010). Moreover, it is clear that water and
N deficits are certainly highly interdependent (Ding et al., 2018; Gonzalez-Dugo et al., 2010;
Plett et al., 2020). Despite this, exploring the genotypic variation and understanding how crops
respond to combined N and water deficit is largely unknown.

Tomato plants (Solanum lycopersicum) are among the most cultivated vegetable
crops worldwide (FAO, 2020b; Heuvelink et al., 2020). Intensive tomato cultivation relies
on high fertilizer inputs and regular irrigation for maximum yield (Sandhu et al., 2021).
These inputs come at a significant economic cost (Engindeniz, 2006) and carbon footprint
(Pereira et al., 2021). Thus, considering the increased consumption of fresh tomato and
tomato-derived products (Costa and Heuvelink, 2018), the development of strategies focused
on a rational use of water and fertilizers is required.

Plant breeding can be a powerful tool to enhance crop resilience to these abiotic
stresses (Monforte, 2020). Nonetheless, for several decades of high-pressure of genotype
selection and crop breeding for high yields led to the so-called genetic erosion, and the tomato
cultivars had often a narrow genetic basis, with the vast majority of them being sensitive to
drought and N deficiency (Esteban et al., 2016; Machado et al., 2022; Shirasawa et al., 2010).
To introduce genotypic variation tomato breeding programs, for fruit quality and environmental
adaptation, started to rely on wild tomato relatives (such as Solanum pimpinellifolium) (Conesa
etal., 2019). More recently, it has been highlighted that another valuable gene pool for tomato
improvement are the old accessions (e.g. landraces and heirlooms) held in germplasm
collections. Nonetheless, so far, they represent an untapped genetic resource (Conesa et al.,
2019; Roohanitaziani et al., 2020). Therefore, it is important to explore the variation of this
genetic resource that might offer opportunities for improving resource use efficiency, thereby

increasing the environmental sustainability of production systems (Monforte, 2020).
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Up to date, the number of studies that have screened a high number of tomato
genotypes in response to drought and N deficiency is limited. In this study, we aimed to
perform a phenotypical evaluation and analysis of the growth traits of 40 genotypes focusing
on old tomato accessions (but also including, as anchors, four modern hybrids and wild tomato
relatives’ accessions) when subjected to combined N and water deficit. To that end, 14
morpho-physiological traits were evaluated and the contribution of the different growth
components to the genotypic variation in growth response of all accessions was used to

determine their potential relationships (based on a cluster analysis).

2. Materials and Methods

2.1. Plant material and growth conditions

This study included a total of 40 tomato genotypes and wild relatives (34 old
accessions, four modern inbred lines/hybrids and two wild relatives: Table 1) from an
existing collection at Wageningen University (EU-SOL tomato core collection) and two
Dutch seed companies (Nunhems and Rijk Zwaan). The old accessions were selected
taking into account their interesting phenotypical diversity for plant growth and fruit quality-
related traits being considered as a relevant gene pool for plant breeding (Aflitos et al., 2014;
Roohanitaziani et al., 2020; Roohanitaziani et al., 2022). However, these have never been
screened in response to N and water deficit, which is the focus of our study. The modern
inbred lines/hybrids genotypes and wild tomato relatives’ accessions were included in this

study as anchors.

Table 1 - List of the tomato genotypes and wild relatives analyzed from a core germoplasm collection existing at Wageningen
University. For simplification genotypes were further numbered from low to high percentage decrease in TDW in response to
combined N and water deficit.

No. Specie Accession name Category Accession ID?
1 S. lycopersicum Micro-Tom Old accession LA3911
2 S. lycopersicum CalJ Tm VF Old accession EA02054/CGN20815
S. lycopersicum ) Old accession EA03222/LYC3155/LYC251
3 Bolivar
3/T828
4 S. lycopersicum Nunhems-FM001 Modern Inbred Line Nunhems
5 S. lycopersicum Tiffen Mennonite Old accession EA01088

6 S. lycopersicum 981136 Old accession EA06932
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S. lycopersicum

S. lycopersicum

S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum

S. lycopersicum

S. lycopersicum
S. lycopersicum

S. lycopersicum

S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. pimpinellifolium
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum

S. lycopersicum

n/a

Ailsa Craig

Morne a L'Eau
Winter Tipe (NOR)
Foundation
Moneymaker
Grosse Cotelee
Nagcarlan
Black Cherry
OH88119

Kecskemeti Koria
Bibor

Katinka Cherry
Capriccia

Watermelon

beefsteak
DL/67/248
Anto
All Round
Momotaro
N481
Chang Li
Giant Belgium
Sonora
Chih Mu Tao Se
ABC Potato Leaf
The Dutchman
Belmonte

Blondokee

Old accession

Old accession

Old accession
Old accession
Modern Hybrid
Old accession
Old accession
Old accession
Old accession
Old accession

Old accession

Old accession
Modern Hybrid

Old accession

Old accession
Old accession
Old accession

Old accession

Wild tomato relative

Old accession

Old accession

Old accession

Old accession

Old accession

Old accession

Old accession

Old accession

T825/LYC3153/EA03221

LA2838A/EA01101/EA0024
0

EA05979/ PI1372385
PC11029
Nunhems

LA2706/EA00840/EA02936
EA01042
EA05732/P1324065
EA00027/LA4451

EA06902

EA03075

EA00375

Rijk Zwaan

EA01640

EA05721/ P1320468
EA01835/V710029
LA2463/LYC1365/EA02617
TROO0003
LYC2798/EA02994
PI193302/EA04243
EA01037
CGN15882/EA01985
PI1158760/EA04828
EA00915
PI1303721
EA00892/SG16

EA00282
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S. lycopersicum Old accession LYC11/EA01965/CGN1546

34 Rote Beere
4

35 S. lycopersicum Callanzo Modern Hybrid Rijk Zwaan
36 S. lycopersicum var. cerasiforme Old accession P1365925/LA1324/EA05891
37 S. lycopersicum Rutgers Old accession LA1090/EA00465

S. lycopersicum ) ) LA1421/PI
38 var. cerasiforme Old accession

365930/TR00027

39 S. lycopersicum n/a Old accession P1129097/EA04710
40 S. pimpinellifolium T495 Wild tomato relative LYC2910/EA03058/T115

1 Identification starting with “EA”, “LA”, “LYC”, “PI”, and “TR” are genotypes registered by “EU-SOL tomato core collection
database” (Aflitos et al., 2014), while other are provided by the corresponding company. n/a: genotype without a specific
accession name.

Seeds were sown in potting soil and approximately two weeks later (corresponding to
the third leaf appearance) seedlings from each genotype were selected based on uniformity.
These were individually transplanted to pots (10.5 width x 10.5 length x 12 cm height) filled
with 110 g of vermiculite (0.1-1.5 mm grade) and were divided into two groups: control plants
(100% N requirement; 100% field capacity) and plants subjected to combined deficit (20% N
requirement; 50% field capacity). In both cases, just prior to seedling transplanting, each pot
was irrigated to 100% field capacity (FC), determined using the soil gravimetric water content
method (Joshi et al., 2021). This led to 550 mL of the respective nutrient solution applied to
each pot [Control (100% N): 10 mM NOs7; 1.9 mM H,PO4; 6.1 mM K*; 3.6 mM Ca?*; 1.9 mM
S04%; 2.5 mM Mg?*; 2.6 mM CI; Combined deficit (20% N): 2 mM NOg3; 1.9 mM H,POy; 6.2
mM K*; 3.6 mM Ca?*; 4.8 mM SO,%; 2.8 mM Mg; 5.5 mM CI, both having the same pH (5.5)
and E.C. (2 dSm™?) as well as the same amount of micronutrients: 35 uM Fe3*; 8 yM Mn?*;
20.1 uM B; 0.5 uM Cu?*; 5.0 yM Zn?*; 0.5 yM MoO,%. The 10 mM NOgz™ concentration used, in
the control nutrient solution, is a common level for guaranteeing an adequate plant growth in
several species (Macduff et al., 1993; Lacrampe et al., 2020). Moreover, based on previous
studies from our research team (under comparable environmental conditions and using cv.
‘Moneymaker’ as reference cultivar, during vegetative growth stage) it was possible to
estimate tomato N needs for the overall experimental period. Briefly, considering the expected
dry weight (2.54 g per plant) and an average N concentration in the plant tissues of 3% (Fiebig
and Dodd, 2016; Sonneveld and Voogt, 2009), 76.2 mg N per plant were added in the 550 mL
irrigation solution supplied to the control plants. Thus, for simplification, we referred to the N
concentration supplied in the combined deficit (2 mM) as representing 20% of this reference

optimal concentration (20% N).
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Following seedling transplanting all pots were covered to prevent evaporation and no
more nutrient solution was added until the end of the experiment. Concerning further irrigation,
each pot from control plants was weighted and re-watered (with distilled water on a daily basis)
to maintain FC at 100% during the experimental period, whereas in combined deficit no
additional irrigation was supplied, resulting in a progressive decrease of substrate FC. Three
plants from each genotype and growth condition were randomly collected during the cultivation
period. The average fresh weight of these plants (per treatment) was subtracted from the total
pot weight (per treatment) to calculate the actual weight of the water/nutrient solution present
in the pot (Machado et al., 2023b). The experiment ended after 21 to 28 days, depending on
genotype, when the latter group of plants reached 53 + 3 % FC. The experiment was carried
out during the winter period (Dec/Jan), in a multispan Venlo-type glasshouse compartment
(52°N, 6°E; Wageningen University, the Netherlands) set at 25 °C day/ 23 °C night and 60%
RH. Supplementary light was provided with high sodium pressure lamps (HSP) to extend the
natural photoperiod to 16h. HPS lamps (150 pmol s'* m? of photosynthetic photon flux density
measured at plant level, HPS, Philips SON-T Agro) were switched on when global radiation
was below 300Wm2 and switched off when it was above 400Wm2. Plants were distributed
among eight tables (each representing a block) and each table was split in two halves: in one
half the control plants of the 40 genotypes were randomly allocated and in the other half the
plants under stress treatment were positioned in a mirrored arrangement. In each table an

outer row of plants was placed around the experimental plants to prevent border effects.

2.2. Data collection: morphological and physiological measurements

At the end of the experimental period, the stomatal conductance (gs: mmol m™2s™) was
measured between 08:00 (2h after the beginning of the light period) and 12:00, being carried
out randomly among different plants. Measurements were performed on the adaxial side of
the youngest fully developed and well-exposed leaf to assure fully active plants (n=8). The
porometer (SC-1 porometer, Decagon Devices Inc., Pullman, Washington, USA) was
calibrated and the readings were set at a fixed time-period (30 seconds) following the
manufacturer's instructions, to ensure that all measurements were comparable and also to
avoid the interference of leaving the sensor head on the leaf surface for a long period.
Photosynthetic efficiency (F./Fm) was measured in 30 minutes dark-adapted leaves using the
same leaf to estimate the photosynthetic capacity (n=8) (portable minipam, Model PAM 2000.
Walz, Effeltrich, Germany). Thereafter several morphological parameters were determined
(n=8): plant height (PH; cm), total leaf number (LN; > 1cm) and total leaf area (LA; cm?; leaf
area meter, Model LI-3100C, LI-COR, Lincoln, Nebraska, USA). Dry weight (DW, 48 h at
105°C in a ventilated oven; g) of leaves (LDW; g), stems (SDW, g), and roots (RDW,; @), the
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latter after being washed, was determined (n=8). Specific leaf area (SLA, ratio of leaf area to
leaf dry weight; cm?g? dw), leaf weight ratio (LWR, ratio of leaf dry weight to total dry weight;
g g dw), leaf area ratio (LAR, ratio of leaf area to total dry weight; cm? g dw) and shoot-root
ratio (S/R, ratio of shoot to root dry weight; g g** dw) were calculated according to the “classical
approach” described by Hunt (2012) (n=8). The water use efficiency (WUE; g mL?) was
calculated as the ratio between total dry weight (TDW, g) and water consumption per plant

(mL) (Supplementary Data, Figure S1) (n=8).

2.3. Data analysis

For comparing genotypes responsiveness to the combined deficit, all the data was
transformed (following Zeng et al., 2002) into percentages of decrease, which has been further
used as our studied variables. For this, within each table, control plants from a given genotype
were paired with their mirrow plant on the opposite side of the table (corresponding to the
same genotype but under combined N and water deficit). The difference between the value of
the control and the value of the stressed plant was divided by the value of the control plant for
each parameter (n=8). To simplify further analysis and interpretation, the genotypes were then
ordered and numbered from low to high percentage of decrease in TDW.

Pearson’s correlation coefficient was used to test associations between the percentage
of decrease obtained for each of the 14 morpho-physiological parameters (F./Fn_D, gs_D,
LN_D, PH_D, LA _D, LDW_D, SDW_D, RDW_D, S/R_D, SLA D, LWR_D, LAR_D, WUE_D,
TDW_D). A Principal Component Analysis (PCA) with Varimax rotation was used to establish
the relationship among these quantitative variables with the data set including the percentages
of decrease of all traits, as active variables. However, TDW_D was excluded form PCA as this
would be a redundant variable since it results from the sum of the different plant organs that
are already taken into account in the analysis. Additionally, TDW of the control plants (TDW)
was included as supplementary variable (active observation). After the PCA, a Clustering
Analysis was applied to group the genotypes based in the individual coordinates of their
projections into the coordinate space, following the k-means clustering with a Wilks’ Lambda
criterion (Everitt et al., 2001). Differences in traits among clusters were tested by the non-
parametric Kruskal-Wallis test. All statistical analyses were performed using XL-Stat
(Addinsoft, 2021).

3. Results
3.1. Screening for genotypic variation

All genotypes showed visual deficiency symptoms when grown under combined N+W

deficit. However, some genotypes were more severely affected than others as shown in
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Supplementary Information (Figure S2). Actually, already after the second week of the
imposed deficit, it was visually observed that plants started to present phenotypic differences
with regards to the severity of the combined N+W deficit symptoms, with the leaves becoming
lighter green/ yellow (particularly the older ones) and often falling at variable degrees amongst
genotypes. However, at this timepoint, no leaf rolling and/or wilting were observed.

At harvest (when the stressed plants reached 50% FC), a more detailed analysis of
plant responses to the combined N and water deficit, based on 14 morpho-physiological traits,
corroborated the observed visual differences between genotypes, with all the studied traits
being negatively affected by the applied stress but to a different degree (Figure 1, Table S1).
For instance, this impact was more severe on LA with an average decrease of 77% over all
genotypes under combined deficit, followed by the biomass production parameters (TDW,
RDW, SDW, LDW) and the gs (all of them with an average decrease larger than 50%) (Figure
1). On the other hand, F./Fm and LWR were the least impacted traits by the combined deficit
(5.1 and 11.2% decrease, respectively). Interestingly, in spite of LA being the most sensitive
parameter to the combined deficit, all genotypes responded in a similar magnitude resulting
in the lowest coefficient of variance (4.5%) (Figure 1). Regarding LWR, SLA and WUE a high
variability was found among genotypes (56-59 % CV) (Figure 1). For SLA and WUE it is
important to notice that, in general, a gradient was observed following the genotypes sorting
order, which was not observed for LWR (Figure 1).

At the end of the experiment the control plants of the different genotypes had
significantly different TDW (p <0.0001, varying between 1.17 and 3.99 g; Figure 2). Therefore,
we hypothesized that faster growing genotypes could be more prone to the combined deficit
as they had access to the same amount of water and N during the experimental period when
compared to the smaller genotypes. To clarify this, we determined the correlation between the
TDW of the control plants and the percentage of TDW decrease observed under the combined
deficit (Figure 2). This analysis demonstrated a moderate correlation between these variables
(R?=0.435). Therefore, as plant biomass did not have per se a significant impact on the plant’s
response to the combined deficit, all the genotypes were considered for the following

analyses.
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Figure 1 - Effects of combined nitrogen and water deficit on the percentage of decrease (_D) of total dry weight (TDW), root dry
weight (RDW), stem dry weight (SDW), leaf dry weight (LDW), shoot/root ratio (S/R), plant height (PH), leaf number (LN), leaf
weight ratio (LWR), leaf area (LA), leaf area ratio (LAR), specific leaf area (SLA), photosynthetic efficiency (F./Fn), stomatal
conductance (gs) and water use efficiency (WUE) in each of the 40 screened tomato genotypes and wild relatives, and the
variation observed across them (minimum and maximum value, mean and standard deviation and the coefficient of variance (%).
Color scale represents the mean of the percentage of decrease (the difference between the mean value of the control plants and
mean of the stressed plants divided by the mean value of the control plants, n = 8). Different colors used in the genotype number
correspond to a different category: old accessions (blue); modern inbred lines and hybrids (light orange); wild tomato relatives
(green). The genotypes were ordered from low to high percentage decrease in TDW and their identification is given on Table 1
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Figure 2 - Linear correlation between the percentage of decrease in total dry weight (TDW_D) after exposure to combined
nitrogen and water deficit and the total dry weight of the control plants (TDW_CTR) for the 40 screened tomato genotypes and
wild relatives. Different symbols used in the genotype number correspond to a different category: old cultivar (0); modern inbred
lines and hybrids (o); wild tomato relatives (O).

In order to analyze the relationship among the studied morpho-physiological traits, a
Pearson’s correlation coefficients were determined (Figure 3). Most traits showed a positive
significant correlation among each other, with the exception of LAR and SLA which mostly
showed a significant negative correlation with the other traits. For instance, the percentage of
decrease in TDW was positively correlated with the percentage of decrease in RDW, SDW,
LDW, PH, LN, LWR, LA, FJ/Fn and WUE but negatively correlated with the percentage of
decrease in LAR and SLA (Figure 3). Additionally, regarding the physiological traits, the
percentage of decrease of F./Fn was positively correlated with the percentage of decrease in
TDW, LDW and PH whereas gs decrease was not significantly correlated with any of the other
analyzed traits (Figure 3). Finally, the percentage of decrease in WUE, one of the most
important traits when particularly coping with water deficit, was positively correlated with the
percentage of decrease in all evaluated parameters, with the exception of LAR and gs, where

no significative correlation was found (Figure 3).
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Figure 3 - Pearson’s correlations coefficient for the percentage of decrease (_D) of each evaluated morpho-physiological
parameters from the 40 screened tomato genotypes and wild relatives exposed to combined nitrogen and water deficit (* indicates
significant correlation at p=0.05). Green and orange colours represent positive or negative correlations, respectively. Total dry
weight = TDW; root dry weight = RDW, stem dry weight = SDW, leaf dry weight = LDW, shoot/root ratio = S/R, plant height = PH,
leaf number = LN, leaf weight ratio = LWR, leaf area = LA, leaf area ratio = LAR, specific leaf area = SLA, photosynthetic efficiency
= F/Fn, stomatal conductance = gs, Water use efficiency = WUE.

3.2. Multivariate statistical analyses of the genotypic variation

Results from the PCA yielded four main factors (those with an Eigenvalue >1),
explaining over 82.4 % of the total variance (Table S2, Figure 4). This result reflects a close
relationship between the evaluated traits and the genotype ability to handle with the combined
deficit (Figure 4). Moreover, our study also revealed considerable phenotypical (and
presumably genetic) diversity among the screened genotypes with the first two principal
components explaining 60.7% of the variability (PC1 — 42.1% and PC2 — 18.6%), which
demonstrates a different behavior when exposed to the combined N and water deficit (Figure

5). A further integration of these data in a cluster analysis separated the genotypes into three
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distinct clusters based on their ability to cope with the combined deficit. Cluster 1 was
composed by 15 genotypes (having 13 old cultivars, one modern inbred line and one modern
hybrid), cluster 2 held 16 genotypes (13 old cultivars, two modern hybrids and one of the wild
relatives) and cluster 3 comprised 9 genotypes (eight old cultivars and one wild relative) (Table
1). According to Figure 4, clusters 2 and 3 were both correlated with severe decreases in
LDW, SDW and RDW when compared to cluster 1, pointing towards contrasting behavior
among these groups. Genotypes from cluster 1, especially genotype 1, 2 and 3 (old cultivars),
were the most tolerant genotypes in their responses to combined N and water deficit showing
the lowest percentage decrease in TDW (Figure 1). In general, this cluster was characterized
by a marked percentage of decrease in SLA, and LAR but also a higher percentage of
decrease in gs (although less pronounced). In all the other morphophysiological traits these
genotypes had also a lower percentage of decrease. Cluster 2 mostly included genotypes with
a higher TDW under control conditions and genotypes with a higher percentage of decrease
in PH, SDW and RDW, as well as genotypes showing a lower percentage of decrease in LAR,
SLA and gs, all when grown under combined N and water deficit. Considering cluster 3, the
parameters that were associated with their worst performance were the percentage of
decrease in traits such as WUE, LWR, LA, S/R, LN and to a lower extent with the percentage
of decrease in Fu/Fm.

5

4 LAR_D

<O

PC2 (18.6%)

on

PC1 (42.1%)

- Evaluated Parameter — — Supplementary Parameters Cluster 1 Cluster 2 Cluster 3
¢ 0ld Accessions [] Modern Inbred Lines and Hybrids O Wild Tomato Relatives

Figure 4 - Principal component analysis (PCA) of the percentage of decrease (_D) of 14 morpho-physiological traits evaluated
in a total of 40 screened tomato genotypes and wild relatives subjected to combined nitrogen and water deficit. The two principal
components (PC1, PC2) explained 60.7 % of the total variance. Different symbols used in the genotype number correspond to a
different category: old accessions (¢); modern inbred lines and hybrids (o); wild tomato relatives (O). Total dry weight = TDW,;
root dry weight = RDW, stem dry weight = SDW, leaf dry weight = LDW, shoot/root ratio = S/R, plant height = PH, leaf number =
LN, leaf weight ratio = LWR, leaf area = LA, leaf area ratio = LAR, specific leaf area = SLA, photosynthetic efficiency = F/Fp,
stomatal conductance = gs, Water use efficiency = WUE. The identification of the genotypes is given on Table 1
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When characterizing the response of each cluster independently (Table S1), when
subjected to the combined deficit, making use of all 14 morpho-physiological traits (Figure 5,
6 and 7) significantly differences were often found between them. For instance, the genotypes
in cluster 1 had a percentage of decrease of TDW of around 58.0 + 6.4 % whereas for the
genotypes in clusters 2 and 3 this decrease was significantly higher reaching 69.8 £ 2.6 %
and 69.3 £+ 2.0 %, respectively (Figure 5a). This trend was also found for the biomass of the
different plant organs (roots, stem, leaves) with cluster 1 always showing a significantly lower
percentage of decrease on organ dry weight, when subjected to the combined deficit as
compared to clusters 2 and 3. These results imply a differential response to the combined
deficit conditions in the studied set of genotypes, with the ones from cluster 1 having lower
losses of dry weight when exposed to the combined deficit, which suggests a more efficient
behavior. All clusters responded with a decrease in S/R (Figure 5e), reflecting a higher
partitioning towards the roots under combined deficit. However, this relative investment in the
roots did not significantly vary among clusters.

Concerning the percentage of decrease in PH, no statistical differences were found
among clusters (Figure 6a). However, the percentage of decrease in LN was significantly
different, with cluster 1 and 2 having lower average values (29.8 + 8.4 and 31.4 + 4.4,
respectively) than cluster 3 (42.8 £ 7.9) (Figure 6b). The same pattern was observed for the
percentage of decrease in LWR (Figure 6c¢) and in LA (Figure 6d). However, for LAR cluster
2 showed the lowest decrease percentages (21.2 + 7.1 %), being statistically different from
cluster 1 (38.3 = 4.3 %) and cluster 3 (38.3 £ 5.4 %) (Figure 6e). Finally concerning the
clusters’ response to combined N+W deficit in terms of SLA, cluster 1 showed a significantly
higher percentage of decrease (33.2 = 6.0 %) thus demonstrating a better ability to increase
leaf thickness under this combined abiotic stress (Figure 6f).

Regarding the physiological traits, F./Fn, only showed a significant difference among
clusters 1 and 3, with the later having the higher percentage of decrease (6.5 £ 2.1 % in cluster
3 and 4.3 + 2.1 % in cluster 1) (Figure 7a). For gs significant differences were found among
cluster 2 and 3, with the later having again the highest percentage of decrease (57.7 £ 14.0
% in cluster 3 and 44.8 £ 14.3 % in cluster 2 (Figure 7b). Finally, significant differences were
also found for the percentage of decrease in WUE (Figure 7c). Cluster 1 had the most efficient
genotypes in terms of water use, with the lowest percentages of decrease (11.9 + 6.6),
whereas cluster 2 and 3 were not significantly different among each other (resulting in an
average value of 25.3 + 5.8 and 33.7 £ 15.2, respectively) (Figure 7c).
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Figure 5 - Box and whisker plots of the different clusters concerning the percentage of decrease in total (A) root (B) stem (C)
leaf (D) dry weight and shoot root ratio (E) in the 40 screened tomato genotypes and wild relatives subjected to combined nitrogen
and water deficit. Boundaries of the boxes represent the 1% (lower limit) and the 3™ quartile (upper limit), while the black line
inside the box marks the median. The whiskers, above and below the box, extend to the maximum and the minimum values,
respectively. Different letters above box-plots indicate significant statistical differences and n.s. correspond to non-significant
differences among clusters according to Kruskal-Wallis test at p=0.05. Colored points represent the average values for each
genotype within the corresponding cluster. Total dry weight = TDW; root dry weight = RDW, stem dry weight = SDW, leaf dry
weight = LDW, shoot/root ratio = S/R.
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Figure 6 - Box and whisker plots of the different clusters concerning the percentage of decrease in plant height (A) leaf number
(B) leaf weight ratio (C) leaf area (D) leaf area ratio (E) and specific leaf area (F) in the 40 screened tomato genotypes and wild
relatives subjected to combined nitrogen and water deficit. Boundaries of the boxes represent the 1% (lower limit) and the 3™
quartile (upper limit), while the black line inside the box marks the median. The whiskers, above and below the box, extend to the
maximum and the minimum values, respectively. Different letters above box-plots indicate significant statistical differences and
n.s. correspond to non-significant differences among clusters according to a Kruskal-Wallis test at p=0.05. Colored points
represent the average values for each genotype within the corresponding cluster. Plant height = PH, leaf number = LN, leaf
weight ratio = LWR, leaf area = LA, leaf area ratio = LAR, specific leaf area = SLA.
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Figure 7 - Box and whisker plots of the different clusters concerning the percentage of decrease in the photosynthetic efficiency
(FW/Fm,) (A) stomatal conductance (gs) (B) water use efficiency (WUE) (C) in the 40 screened tomato genotypes and wild relatives
subjected to combined nitrogen and water deficit. Boundaries of the boxes represent the 1%t (lower limit) and the 3" quartile (upper
limit), while the black line inside the box marks the median. The whiskers, above and below the box, extend to the maximum and
the minimum values, respectively. Different letters above box-plots indicate significant statistical differences among cluster
according to Kruskal-Wallis test at p=0.05. n.s. = not significant. Colored points represent the average values for each genotype
within the corresponding cluster. Photosynthetic efficiency = F./F,, stomatal conductance = g, water use efficiency = WUE.

4. Discussion

It is essential to enhance crop resilience to abiotic stresses towards sustainable food
production systems (Carvalho and Vasconcelos, 2013). Nonetheless, this requires phenotypic
variability being also of utmost importance to identify morpho-physiological traits associated
with tolerance to these combined stresses. So far there is limited knowledge on tomato
phenotypic variability to combined N and water deficit. Here we have screened the response
of a large set of tomato genotypes to this combined deficit. In general, a vast majority of tomato
cultivars are frequently referred has sensitive to these abiotic stresses (Machado et al., 2022;
Shirasawa et al., 2010). Moreover, old accessions/cultivars (e.g. landraces and heirlooms)
represent an underexploited wealth of genetic variation (Roohanitaziani et al., 2020), that has
been discarded due to undesired agronomic traits, but might encompass higher NUE and
WUE than modern tomato cultivars. From our selection of 40 genotypes (including 34 old

cultivars, four modern inbred lines/hybrids and two wild tomato relatives) it was found a large
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variability in response to combined N and water deficit. The combined deficit severely affected
all growth parameters, but to a different degree depending on the genotype and trait. Already
after the second week of the imposed N and water deficit, it was visually observed that plants
started to present phenotypic variability, with regard to the symptoms’ severity. For instance,
the older leaves become lighter green/ yellow (reflecting a common N deficiency symptom,;
(de Bang et al.,, 2021)) and these have fallen at variable degrees amongst genotypes.
Thereafter, at the end of the experimental period, the percentages of decrease in TDW ranged
from 42 to 77 % (Figure 1 and 2). Previous studies also found some phenotypic variability in
tomato, but they were limited to a much lower number of genotypes and were focused on the
plant responses to independent stresses (Abenavoli et al., 2016; Sanchez-Rodriguez et al.,
2010a).

PCA revealed considerable phenotypical diversity among the studied genotypes with
four principal components explaining 82% of the variability (Figure 4). A further integration of
our data, in a cluster analysis, was able to separate the screened genotypes into three distinct
clusters based on their ability to handle the combined deficit (Figure 4). All genotypes
responded to the combined deficit by changing the morpho-physiological traits, but genotypes
from cluster 1 (composed only by 13 old accessions and two modern inbred lines/hybrids)
showed higher tolerance under these conditions, pointing towards a more efficient behavior.
In general, these tolerant genotypes showed a lower percentage of decrease in TDW as
compared with more sensitive genotypes. Moreover, they were closely associated with traits
such as a lower SLA, lower LAR and a higher WUE but also partly associated with lower gs.
Different authors have reported a negative effect on the dry weight of leaves, stems, and roots,
and consequently on TDW when tomato plants were exposed to one of these abiotic stresses
(Al Hassan et al., 2015; Luna et al., 2014; Khan et al., 2015; Okunlola et al., 2015: Zhou et al.,
2019). For instance, it has been found that water deficit at the early seedling stage might lead
to higher RDW, longer roots and lower S/R, with all these traits being widely accepted as
accurate indicators of the plant’s ability to withstand drought stress (Makhadmeh et al., 2022).
Tripodi et al. (2022) also demonstrated that root architecture played an important role on
tomato plant responses to N starvation or water deficit. In our study, the tomato genotypes
from cluster 1 showed lower percentages of decrease in RDW (Figure 4 and 5b) but no
significant differences were found concerning the S/R (Figure 5e).

Regarding SLA and LAR, the higher percentage of decrease in cluster 1 suggests that
increasing leaf thickness (lower SLA) and investing less of their LDW in LA seems to be related
to tomato ability to tolerate combined N and water deficit. Moreover, the reduction of SLA is
believed to be a possible strategy to improve WUE. This is due to thicker leaves generally

having a higher concentration of chlorophyll and proteins per leaf area unit leading to a greater
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photosynthetic capacity and, consequently, a higher biomass production per unit leaf area
than thinner leaves (Chatterjee and Solankey, 2015). Higher WUE can be defined as the
amount of carbon assimilated as biomass produced per unit of water used (Cantero-Navarro
et al., 2016; Ullah et al., 2019). Thus, an improvement in WUE has been related to a higher
closing stomata capacity, and lower transpiration rate, with these traits being associated with
higher tolerance to drought stress (Galmés et al., 2013; Raja et al., 2020). On the other hand,
some studies have shown that a low nutrient availability may reduce WUE and plants’ capacity
to adapt to drought (Sardans et al., 2013). Moreover, a screening of tomato landraces for
drought tolerance, based on growth and chlorophyll fluorescence analyses, identified F./Fn as
one of the most sensitive parameters for the detection of drought stress impact on tomato
plants (Sousaraei et al., 2021). Indeed, in our study, gs and F./Fn were severely affected by
the combined deficit, with cluster 3 having the higher decreases (Figure 7a and b). Although
a wide phenotypic variation in the percentage of decrease of these traits was observed (Figure
1), our results suggest that, for this tomato collection, gs and F./Fn were not the key
parameters in tomato tolerance response to combined N and water deficit (Figure 4).

The two accessions of the studied wild tomato relatives S. pimpinellifolium were not
part of the tolerant cluster, which was somehow unexpected as wild relatives have been
reported as important genetic sources of abiotic tolerance traits (Conesa et al., 2019;
Martinez-Cuenca et al., 2020). Recently, Tripodi et al. (2022) studied 42 tomato genotypes
(including elite cultivars, heirlooms, landraces, and hybrids) grown in open field under single
nitrogen deficit (no-N fertilization) or under single water deficit (30% of the amount given to
the control plants). Among the studied genotypes, the two hybrids had the best performance
in terms of yield, when grown under N starvation or water deficit, whereas in general the
landraces and heirlooms exhibited a better fruit quality. In our study, two of the four screened
modern inbred lines/hybrids were also part of the tolerant cluster, but interestingly most of the
old accessions from this cluster even presented a better performance for the studied
morphophysiological traits when grown under combined deficit (Figure 1 and 4).

Some recent studies have pondered that the physiological and molecular responses
of crops to a combination of two stresses are unique, resulting in the deployment of stress-
adaptation strategies which sometimes are different and contrasting to those seen under
individual stresses, and other times are shared and similar (Hussain et al., 2018; Pandey et
al., 2015). This study was a first step to address tomato response to combined N and water
deficit and showed that old accessions represent a very interesting wealth of genetic diversity
in terms of response to these abiotic stresses, with some of them (Cluster 1) having even a
better performance than the two studied wild relative accessions from S. pimpinellifolium

(Figure 4). In future works, the efficiency of these accessions to cope with the combined N
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and water deficit, should be evaluated in other development stages, especially at the
generative phase, as the plant structures have a variable degree of genotypic plasticity to
adapt to stressful conditions. Indeed, the flowering and fruit development stages have been
described as the most sensitive ones to water deficits in tomato plants (Khapte et al., 2019;
Machado et al., 2022). Plus, the impact on yield and fruit quality at harvest would give
additional relevant information. Moreover, it would also be important to validate our results
(performed under controlled conditions) in field trials, preferably including different
experimental sites with contrasting pedoclimatic conditions to address possible genotype and
environment interactions (G x E). For instance, it would be relevant to design an experiment
to investigate the role of soil type [e.g a sandy soil, with high leaching potential (Ayankojo et
al., 2020), compared a clay soil, with high water retention capacity (Tripodi et al., 2022)] as
well as contrasting climates (e.g. high versus low evaporative demanding conditions) to better
analyze the G x E interactions. Indeed, Tripodi et al. (2022) highlighted the importance of
exploring such interactions, although from their study the genotype was the main source of
variation, with G x T (i.e. single water deficit or no-nitrogen supply) and E x T being less
relevant.

Finally, further research on the underlying mechanisms behind tolerance (including
single vs combined stresses) would also be of utmost importance to contribute to sustainable
food production. Due to the amount of work involved in those type of analysis, a selection of
contrasting genotypes (identified in this study) would be a good approach to explore in-depth
these aspects.

5. Conclusion

This study represents one step forward in the current knowledge since it enabled to
explore the tomato phenotypic variability focusing on old cultivars and contributed to a better
view of plants’ response to combined N and water deficit. The results obtained showed, for
the first time, that tomato has a large phenotypic variability in its response to the combined
deficit, and that old cultivars might represent a valuable gene pool in terms of tolerance to
these abiotic stresses. Moreover, the data integration in a cluster analysis enabled to separate
the 40 screened genotypes into three distinct clusters, based on their ability to handle the
combined deficit. All genotypes responded to the combined deficit by adjusting several
morpho-physiological traits, but genotypes from cluster 1 showed a more efficient behavior
having a significantly lower percentage of decrease in their TDW, but also in the dry weight of
each organ type. In general, these more tolerant genotypes were strongly associated with a
lower SLA, a lower LAR and higher WUE as compared with less tolerant genotypes. Moreover,

they were also associated, but to a lesser extent, with a lower gs. It is concluded that tomato
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tolerance to combined N and water deficit significantly varied between genotypes, and that
old cultivars represent a valuable gene pool towards sustainable food production systems.
Additionally, the identified contrasting genotypes might have the potential to be used in future
studies, namely, to explore the biochemical and molecular mechanisms behind tolerance to
these combined abiotic stresses, or to explore the potential of tolerant genotypes as rootstocks
for improved NUE and WUE.
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Figure S1 — Water consumption of the 40 screened tomato genotypes and wild relatives grown under control conditions (grey)
and under combined nitrogen and water deficit. Circles represent the percentage of decrease on TDW in plants subjected to
combined deficit. The genotypes were ordered from low to high percentage decrease in TDW and its identification is given on
table 1. Data presented are mean + SEM (n = 8).

Figure S2 — Example of the visual appearance of two tomato genotypes (3 (A) and 30 (B); Table 1). Plants on the left side of
each photo were grown under control conditions, whereas plants on the right side were subjected to the combined nitrogen and
water deficit. Genotype in panel A showed lower percentage decrease in several studied growth traits, behaving as a more
tolerant genotype, than the one in panel B.
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Table S1 - Effect of combined nitrogen and water deficit on different morpho-physiological traits found in the 40 screened tomato genotypes and wild relatives. Total dry weight = TDW; root dry weight = RDW, stem dry
weight = SDW, leaf dry weight = LDW, shoot/root ratio = S/R, plant height = PH, leaf number = LN, leaf weight ratio = LWR, leaf area = LA, leaf area ratio = LAR, specific leaf area = SLA, photosynthetic efficiency = F,/F,
stomatal conductance = gs, Water use efficiency = WUE. The identification of the genotypes is given on Table 1.

CTR
1
CMB
CTR
2
CMB
G CTR
3
E CMB
N CTR
4
o CMB
T CTR
5
Y CMB
P CTR
6
E CMB
CTR
;
CMB
CTR
8

CMB

Cluster

TDW

)]

1.19+0.02

0.69+0.04

1.79+0.16

0.92+0.03

2.10+0.18

1.01+0.02

2.08+0.16

0.87+0.03

2.51+0.26

1.00+0.05

2.42+0.20

0.97+0.03

2.93+0.03

1.16+0.06

2.87+0.09

1.13+0.04

RDW

(9)

0.16+0.01

0.14+0.01

0.41+0.05

0.21+0.01

0.34+0.06

0.19+0.01

0.29+0.03

0.15+0.00

0.41+0.05

0.21+0.01

0.43+0.05

0.20+0.00

0.47+0.02

0.21+0.01

0.54+0.04

0.24+0.01

SDW

(9)

0.27+0.01

0.17+0.01

0.32+0.02

0.16+0.01

0,43+0.06

0.20+0.01

0.58+0.06

0.25+0.01

0.61+0.07

0.27+0.02

0.39+0.02

0.17+0.01

0.73+0.05

0.31+0.02

0.54+0.02

0.21+0.01

LDW

)]

0.75+0.02

0.38+0.02

1.06+0.09

0.55+0.01

1.28+0.12

0.62+0.02

1.21+0.07

0.47+0.02

1.50+0.16

0.53+0.02

1.60+0.14

0.61+0.01

1.82+0.08

0.64+0.03

1.87+0.07

0.67+0.02

S/IR

6.7+0.6

4.0£0.2

3.5+0.3

3.5+0.1

6.0+1.2

4.4+0.1

6.3+0.3

4.9+0.1

5.4+0.4

3.8+0.0

4.8+0.2

4.0+0.1

5.4+0.1

4.6+0.1

4.6+0.3

3.7+0.1

PH

(cm)

22.9+0.7

18.5+0.5

35.5+1.0

24.5+0.6

36.6+1.3

23.3+0.6

53.9+1.6

33.7+1.1

42.2+1.2

26.6+0.5

35.7+0.8

23.3+0.2

48.9+£1.6

33.6+0.8

39.5+0.5

24.3+0.3

LN

9.0+0.4

8.1+0.2

9.61£0.2

7.0+0.0

9.5+0.2

7.1+0.1

7.9+0.3

6.0+0.0

11.0+0.2

7.8+0.1

9.6+0.2

6.0+0.0

10.4+0.1

7.4+0.1

11.0+0.2

7.9+0.2

LWR

0.63+0.01

0.55+0.01

0.59+0.00

0.60+0.01

0.61+0.03

0.62+0.01

0.58+0.01

0.55+0.01

0.60+0.00

0.53+0.01

0.66+0.00

0.62+0.00

0.62+0.02

0.56+0.01

0.65+0.01

0.60+0.01

LA

(cm?)

219+2
732
403+33
113+3
426+46
113+4
252+12
67+3
43011
113+3
4509
112+1
462+13
101+4
491+11

122+4

LAR
(cm*g)
184+3
106+4
225+2
137+11
24151
115+6
124+5
78+2
181+24
11343
191+17
115+3
158+2
88+2
172+3

10945

SLA
(cm?g™)
291+7
193+5
381+4
227120
405+11
186+11
21145
14315
303+39
2135
290£27
185+4
255+7
157+2
2657

182+6

Fu/Fm

0.83+0.00

0.80+0.00

0.83+0.00

0.82+0.00

0.83+0.00

0.79+0.02

0.82+0.00

0.79+0.01

0.83+0.01

0.78+0.02

0.84+0.01

0.79+0.01

0.83+0.00

0.80+0.00

0.83+0.00

0.79+0.01

Js

(mmolm

2471
497+14
297+14
660+38
313+21
385+30

188+6
614+29
392+20
569+16
323+26
622+52
22231
693+49
229+23
638+45

208+13

WUE

(mg mL™)

3.320.1
2.8+0.2
3.7+0.1
3.540.1
3.8+0.1
3.720.1
3.8£0.1
3.320.1
4.1+0.2
3.6+0.2
4.0+£0.2
3.5+0.1
4.9+0.1
4.3+0.1
4.6+0.2

4.1+0.2
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14

15
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17
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CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

2.49+0.14

0.95+0.05

2.83+0.23

1.05+0.03

2.80+0.21

1.04+0.04

2.84+0.19

1.06+0.02

2.82+0.11

1.06+0.04

2.42+0.16

0.90+0.03

2.71+0.13

1.00+0.04

2.82+0.16

0.99+0.03

3.16+0.21

1.08+0.03

2.84+0.05

0.95+0.03

0.55+0.02

0.26+0.01

0.58+0.05

0.23+0.00

0.50+0.03

0.20+0.01

0.47+0.04

0.23+0.01

0.49+0.02

0.21+0.01

0.50+0.05

0.24+0.01

0.38+0.04

0.22+0.01

0.61+0.04

0.23+0.01

0.44+0.04

0.22+0.01

0.46+0.02

0.19+0.01

0.50+0.04

0.16+0.01

0.53+0.04

0.21+0.01

0.57+0.11

0.26+0.02

0.48+0.02

0.21+0.00

0.49+0.01

0.18+0.00

0.48+0.03

0.17+0.01

0.78+0.06

0.26+0.01

0.47+0.01

0.18+0.01

0.71+0.05

0.29+0.01

0.62+0.04

0.21+0.02

1.44+0.08

0.53+0.02

1.72+0.15

0.61+0.01

1.73+0.08

0.58+0.02

1.89+0.13

0.62+0.01

1.85+0.08

0.66+0.03

1.44+0.09

0.48+0.01

1.56+0.04

0.52+0.03

1.75+0.11

0.58+0.02

2.01+0.13

0.57+0.02

1.77+0.02

0.55+0.01

3.6 +0.1

2.7+0.1

4.0£0.1

3.6+0.1

4.6x0.1

4.1+0.1

5.2+0.1

3.7¢0.1

4.9+0.1

4.0+0.2

3.9+0.2

2.7+0.0

6.3+0.6

3.61£0.1

3.7+0.1

3.3x0.1

6.5+0.3

4.0+0.1

5.3+0.3

4.0+0.1

40.5+0.9

22.7+0.4

43.0+0.4

26.7+0.4

53.6+0.7

34.3£1.1

38.3+0.8

24.9+0.5

41.1+1.1

27.1+0.2

41.2+0.5

25.0+0.4

56.7+1.7

33.1+0.8

35.6+0.9

22.6+0.3

45.7+0.8

28.6+0.6

39.1+1.1

22.5+1.1

15.3+0.3

8.4+0.1

11.6+0.2

7.9+0.1

9.4+0.3

5.5+0.4

9.4+0.2

6.5+0.2

11.0+0.2

7.3+0.1

12.6+0.3

9.8+0.1

9.9+0.6

6.61£0.2

10.5+0.2

7.5+0.3

9.6+0.5

6.5+0.2

14.5+0.2

9.3+0.1

0.58+0.00

0.55+0.00

0.61+0.00

0.58+0.00

0.62+0.02

0.56+0.00

0.67+0.00

0.59+0.01

0.65+0.00

0.63+0.00

0.60+0.01

0.54+0.01

0.58+0.01

0.52+0.01

0.62+0.00

0.59+0.00

0.64+0.01

0.53+0.01

0.62+0.01

0.58+0.01

395+34

96+2

434+31

98+4

439+14

105+4

494+17

1154

554+13

128+3

458+12

1132

340+27

87.1+4

488+5

12143

565+17

1267

527+13

123+3

160+16

101+6

159422

9416

162+15

10043

180+9

10945

199+10

121+4

195+14

1277

129+17

88.0+3

17510

123+2

182+13

11745

186+4

130+6

27525

183+11

262+37

161+10

259+14

1805

270£15

185+6

305+17

19446

326+20

234+£10

222424

168+8

283+17

210+2

287120

220+5

29816

223+7

0.83+0.00

0.79+001

0.82+0.00

0.75+0.02

0.84+0.00

0.81+0.00

0.83+0.00

0.79+0.00

0.83+0.00

0.81+0.00

0.84+0.00

0.81+0.00

0.82+0.00

0.76+0.01

0.84+0.00

0.79+0.01

0.82+0.00

0.76+0.00

0.84+0.00

0.80+0.01

676121

219+3.7

64037

231+10

506+31

289+45

599+59

18146

592+29

230+24

554+15

226+9

666+34

257+20

573489

219+16

521+24

153+6

354+£15

257+30

3.8+0.2

3.4+0.1

4.5+0.1

4.0+0.1

4.8+0.3

3.8+0.1

5.0+0.2

4.3%0.1

4.7+0.1

3.6+0.1

3.9+0.2

3.7+0.3

4.5+0.1

3.6+0. 2

4.5+0.1

3.7+0.1

5.2+0.2

3.9+0.1

4.7+0.1

3.840.1
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21

22

23

24

25

26

27

28

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

CTR

CMB

2.18+0.15

0.71+0.02

3.21+0.14

1.03+0.02

2.51+0.20

0.78+0.02

3.46+0.16

1.08+0.03

3.36+0.11

1.05+0.01

1.99+0.06

0.62+0.03

2.86+0.07

0.88+0.00

3.34+0.17

1.02+0.03

3.56+0.20

1.07+0.02

2.01+0.14

0.60+0.08

0.24+0.02

0.12+0.00

0.53+0.02

0.19+0.01

0.36+0.03

0.15+0.01

0.70+0.03

0.24+0.00

0.44+0.01

0.19+0.00

0.26+0.01

0.12+0.00

0.69+0.02

0.27+0.00

0.55+0.02

0.22+0.01

0.71+0.05

0.25+0.01

0.48+0.04

0.16+0.01

0.47+0.03

0.21+0.01

0.71+0.03

0.26+0.00

0.58+0.05

0.18+0.01

0.64+0.03

0.22+0.01

0.67+0.02

0.26+0.00

0.45+0.01

0.20+0.02

0.54+0.01

0.20+0.01

0.88+0.06

0.30+0.01

0.93+0.05

0.30+0.01

0.38+0.03

0.13+0.02

1.47+0.11

0.38+0.02

1.97+0.11

0.57+0.01

1.57+0.13

0.45+0.02

2.12+0.12

0.62+0.02

2.17+0.07

0.61+0.01

1.24+0.04

0.30+0.01

1.63+0.04

0.41+0.01

1.92+0.09

0.50+0.02

1.92+0.12

0.52+0.02

1.15+0.13

0.31+0.06

7.9+0.1

5.0+0.1

5.1+0.1

4.5+0.1

6.0+0.2

4.2+0.1

4.0£0.2

3.5+0.1

6.81£0.2

4.6x0.0

6.6+0.2

4.1+0.2

3.1+0.1

2.3+0.1

5.1+0.1

3.6+0.1

4.0+0.1

3.3#0.1

3.3+0.4

2.5+0.4

47.0+£0.9

28.9+0.6

42.6+1.3

27.1+0.5

46.4+1.7

25.7+0.5

41.3+£0.9

25.0+0.3

44.0x1.2

27.1+0.1

47.9+0.5

31.3%1.3

42.1+1.2

23.1+0.7

53.2+1.8

31.4+0.7

50.5+1.2

31.1+0.7

31.9+2.3

20.7+0.6

7.6+0.1

5.1+0.2

10.6+0.4

7.3+0.1

10.6+0.4

6.3+0.3

9.9+0.5

7.4+0.2

10.1+0.2

7.0+0.0

8.3+0.4

5.1+0.1

17.5+0.7

9.4+0.3

13.0+0.0

7.5+0.2

11.8+0.1

8.9+0.1

12.1+0.3

7.3+0.3

0.68+0.01

0.54+0.01

0.61+0.01

0.56+0.01

0.62+0.00

0.57+0.01

0.61+0.01

0.58+0.01

0.65+0.02

0.58+0.00

0.62+0.02

0.49+0.01

0.57+0.00

0.47+0.01

0.57+0.01

0.49+0.01

0.54+0.01

0.49+0.01

0.57+0.03

0.49+0.04

245+5

62.7+3

497+20

110+2

44014

80+5

514+12

12543

510+9

108+9

19646

462

441+8

95+3

423+8

85+5

505+11

13943

281+33

52+7

11447

89.0+2

159413

107+2

178+9

103+4

151+10

115+3

153+7

10349

99+3

75+1

157+8

107+3

128+8

84.0+5

14546

130+1

140+12

9317

169+12

167+2

262+25

191+4

285+16

1798

247+20

200+3

2379

180+16

15948

154+2

275+14

228+8

22211

1707

268+14

2677

246£13

194+26

0.83+0.00

0.78+0.01

0.84+0.00

0.78+0.01

0.83+0.00

0.79+0.00

0.83+0.00

0.79+0.00

0.82+0.00

0.76+0.00

0.84+0.01

0.82+0.01
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0.83+0.00

0.79+0.00
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0.79+0.01

0.84+0.00

0.80+0.01

620+21

285+16

437+42

199+28

546+19

295+8

460+39

229+15

614+43

211+18

476+49

261+13

355+22

186+20

715+31

291+16

472420

134+22

365+23

253+12

3.4+0.1

2.7+0.1

5.1+0. 2

4.0+0.1

4.1+0.1

3.0£0.1

4.840. 2
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3.9+0.1

3.3+0.1
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2.51+0.6

4.7+0.2

3.6+0.1

6.0+0.2

4.4+0.1

3.5+0.2

2.3+0.3
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0.65+0.03

0.22+0.01

0.44+0.04

0.17+0.00

0.80+0.03

0.28+0.01

0.65+0.02

0.22+0.00

0.87+0.07

0.30+0.01

0.73+0.03

0.22+0.00

0.70£0.04

0.24+0.01

0.88+0.05

0.25+0.02

0.93+0.03

0.29+0.01

0.50+0.05

0.15+0.01

0.92+0.05

0.30+0.01

0.27+0.04

0.10+0.00

2.19+0.08

0.56+0.01

2.05+0.08

0.52+0.03

1.92+0.13

0.45+0.01

2.49+0.07

0.69+0.02

2.17+0.06

0.57+0.01

1.44+0.13

0.38+0.03

2.13+0.08

0.59+0.01

1.13+0.08

0.23+0.03

2.42+0.09

0.58+0.02

1.24+0.06

0.26+0.03

5.0+0.1

3.840.1

3.7+0.0

2.4+0.1

5.6+0.2

3.6+0.2

4.9+0.1

3.8+0.1

4.8+0.2

3.3+0.2

4.2+0.2

2.8+0.1

5.8+0.3

5.1+0.3

2.9+0.2

1.7+0.3

5.2+0.2

3.9+0.1

3.5+0.2

2.1+0.2

46.1+0.6

28.9+0.7

43.2+0.5

25.0+0.5

53.1+1.0

33.0+0.7

44.2+1.2

25.5+0.4

41.2+1.1

26.2+0.2

58.0+3.5

31.3#3.1

56.3+2.0

34.4+0.7

40.3+£1.3

27.0+0.5

47.1+0.7

28.2+0.6

31.8+0.7

17.9+0.3

9.8+0.1

7.0+0.0

15.3+0.3

8.1+0.4

10.6+0.2

6.8+0.3

9.8+0.1

6.9+0.1

10.1+0.4

7.3+0.1

12.3+0.5

7.6£0.7

8.8+0.3

6.0+0.0

17.1+0.8

8.1+0.7

11.4+0.1

8.3+0.1

14.8+0.5

6.8+0.1

0. 61+0.00

0.52+0.00

0.59+0.00

0.50+0.01

0.58+0.00

0.47+0.00

0.64+0.00

0.60+0.00

0.61+0.02

0.54+0.00

0.49+0.02

0.44+0.03

0.59+0.00

0.56+0.01

0.52+0.01

0.37+0.03

0.61+0.01

0.53+0.01

0.64+0.02

0.48+0.02

559+9

12445

621+17

11547

521+18

116+6

569+10

136+2

538+21

134+4

408+30

9546

403+23

106+1

306+14

47+9

54816

134+2

322+15

48+2

15945

1163

18146

111+4

161+7

120+4

147+4

118+2

152+10

12743

142+10

11145

114+11

101+3

142+7

78.0+9

13846

121+3

168+13

9348

25948

2214

304+10

223+7

27511

2567

229+7

197+4

248+9

234+4

287+14

252+8

191+18

181+3

2729

2079

22848

231+6

263+23

197+25

0.84+0.00

0.77+0.01

0.82+0.00

0.78+0.00

0.83+0.00

0.79+0.00

0.82+0.00

0.80+0.01

0.84+0.00

0.81+0.02

0.86+0.01

0.82+0.00

0.83+0.00

0.78+0.01

0.83+0.00

0.79+0.03

0.83+0.01

0.80+0.01

0.83+0.01

0.78+0.00

285+34

103+4

338+26

190+21

440148

16949

261+9

161+12

575+41

236+20

49687

20532

583+28

184+8

412+41

172+14

271+26

187+9

364154

314+29

5.5+0.1

4.1+0.1

5.4+0.1

4.0+0.3

6.3+0.3

4.1+0.1

6.4+0.1

4.840.1

5.3+0.0

3.9+0.1

4.3+0.4

3.4+0.2

4.7+0.1

3.8+0.1

4.3+0.2

2.5+0.2

5.8+0.2

4.1+0.1

3.5+0.2

2.1+0.1



CTR 3.60+0.15 | 0.78+0.03 | 0.98+0.03 | 1.83+#0.12 | 3.6+0.3 49.7+0.8 15.3#0.1 0.51+0.01 530+14 148+8 293+22 0.83+0.00 | 350+28 5.8+0.1
39

CMB 0.97+0.04 | 0.25+0.01 | 0.26+0.01 | 0.46+0.03 2.9+0.1 25.7+1.4 9.9+0.6 0.47+0.01 124+9 12715 268+7 0.80+0.01 19349 4.0+0.3

CTR 3.98+0.28 | 0.66+0.06 | 0.80+0.06 | 2.52+0.16 | 5.1+0.2 46.1+0.7 12.4 +0.2 0.63+0.00 | 558+11 143+14 22620 | 0.84+0.00 | 617+37 5.4+0.1
40 CMB 0.92+0.05 | 0.22+0.02 | 0.19+0.01 | 0.51+0.03 | 3.1+0.2 25.1+0.7 8.1+0.2 0.56+0.01 100+3 109+4 196+8 0.78+0.01 | 242+26 3.5+0.1
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Table S2 - Factor loadings of the percentage of decrease (_D) of different morpho-physiological traits found in the 40
screened tomato genotypes and wild relatives after exposure to combined nitrogen and water deficit into the first four
components (PC1, PC2, PC3, PC4) retained from the PCA, with Varimax rotation, applied to the full set of genotypes
and explaining 82.4 % of the total variance. Total dry weight = TDW; root dry weight = RDW, stem dry weight = SDW,
leaf dry weight = LDW, shoot/root ratio = S/R, plant height = PH, leaf number = LN, leaf weight ratio = LWR, leaf area =
LA, leaf area ratio = LAR, specific leaf area = SLA, photosynthetic efficiency = F,/F,, stomatal conductance = gs, Water
use efficiency = WUE.

Morpho-physiological PC1 PC2 PC3 PC4
traits
LDW_D 0.963 0.004 0.129 0.035
SDW_D 0.768 -0.309 -0.306 0.066
RDW_D 0.742 -0.342 -0.447 -0.056
SLA_D -0.669 0.475 -0.499 -0.147
PH_D 0.699 -0.246 -0.354 -0.140
WUE_D 0.786 0.203 0.204 -0.065
LWR 0.584 0.545 0.543 0.035
LAR -0.466 0.813 -0.274 -0.154
LA_D 0.721 0.507 -0.340 -0.165
LN_D 0.642 0.516 -0.333 -0.225
S/IR_D 0.383 0.493 0.571 0.054
gs_ D -0.151 0.371 -0.361 0.698
Fu/Fm_D 0.431 0.114 -0.147 0.612
Variance explained (%) 42.1 18.6 13.8 7.9

Eigenvalue 5.47 2.42 1.80 1.02
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Environmental stresses trigger various plant responses, ranging from altered
gene expression and cellular metabolism to changes in growth rate and crop productivity.
Previous studies demonstrated that N and water deficit severely affect plant performance
leading to a growth reduction in several crops, including tomato (Farooq et al., 2009;
Abenavoli et al., 2016; Moles et al., 2018; Kapoor et al., 2020). However, plants do not
often face single abiotic and/or biotic stresses, but rather a combination of several
adverse growth conditions, especially under the current context of climate change and
environmental instability (Pascual et al., 2022; Sanchez-Bermudez et al., 2022). The
combination of abiotic stressors induces a unique plethora of responses that cannot be
extrapolated from those observed under single exposure (Garcia-Marti et al., 2019;
Hussain et al., 2018; Pandey et al.,, 2015; Spormann et al., 2022). These findings
highlight the complexity and relevance of studying plants response to multiple stresses.
Still, literature analysing the mechanisms involved in responses of young tomato plants
subjected to single N or water deficit with the response of those plants subjected to the
combination of both deficits, or focused on strategies targeted to improve tomato plants
performance grown under such conditions is scarce. This knowledge gaps led to the two

main goals of this thesis which are addressed and discussed below.

1. Unravelling the mechanisms involved in tomato responses to

combined nitrogen and water deficit

Both N and water deficits severely impact metabolic pathways (including osmotic
adjustment, nutrient uptake, and photosynthesis) due to stomatal closure and/or
oxidative damage (Ding et al., 2018; Gonzalez-Dugo et al., 2010)). Proline is one of the
most conspicuous osmolytes that accumulates at high levels in response to osmotic
stress. It may also represent a substantial reserve of substrate for growth in the form of
organic N that is easily remobilized in response to N deficiency (Hayat et al., 2012;
Szabados and Savouré, 2010; ). Beyond that, several enzymes and genes involved in N
metabolism are affected either by N or water deficit (Kavoosi et al., 2014; Lemaitre et al.,
2008; Nacry et al., 2013; Plett et al., 2020). Furthermore, one of the most critical
consequences of abiotic stresses is the disturbance of the equilibrium between the
generation of ROS and AOX defense systems which often results in a loss of cell viability
and death (Laxa et al., 2019; Soares et al., 2019a). Indeed, the plant redox status is
commonly affected by N or water deficit exposure (Mittler et al., 2011). Taking this into
account, in this thesis we explored several mechanisms involved in N remobilization and
plants’ osmaregulation, as well as in its AOX response to the combined N and water

deficit showing, for the first time, that exposing tomato plants for 16 days to a gradual
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and mild combined N+W deficit led to: 1) similarities between plants grown under single
N or combined N+W deficit concerning the morphological traits; 2) molecular and
biochemical plant’ responses under combined N+W deficit that could not be deduced
from single deficit responses and were organ (root versus shoot) dependent (Chapters
2.1 and 2.2). Briefly, we could show that plants grown under single N or combined N+W
deficit had lower chlorophyll content, SDW, RDW, TDW, LA and N concentration as well
as higher NUE. Interestingly, concerning plant metabolism, we observed a dual type of
response in both plant organs. Root characteristics of plants grown under combined
N+W deficit were similar to those plants exposed to W deficit alone, showing higher
proline and NOs concentration, higher NR activity, and GS1 and NR expression, and
lower C concentration. Both groups of plants presented a higher activity of APX and CAT
enzymes and Cu,ZnSOD, APX and CAT2, expression profiles. Still, at the root level
plants grown under N deficit or combined N+W deficits presented similar responses
concerning protein and N concentration and C/N ratio but a differential response
regarding flavonoid concentration and total AOX activity (ABTS), which were
respectively, lower, and higher than in plants exposed to N or W deficit alone. On the
other hand, shoot characteristics of plants grown under combined N+W deficit were more
like those of plants exposed to N deficit alone, showing higher C/N ratio, NR and GS
activity, and rcbS and rcbL transcript levels, but lower proline, protein and N
concentrations, as well as GS2.2 transcript levels than plants grown under W deficit.
Interestingly, concerning the AOX system responses at shoot level, plants subjected to
N+W deficit were different from the single deficits mainly due to higher activation of the
defence mechanisms (including the increased anthocyanin concentration, higher activity
of SOD, APX and CAT enzymes, and APX and CAT2 expression as well as intermediate
levels of flavonoids) compared to plants exposed to N or W deficit alone. These results
demonstrated that tomato plants could employ specific defense strategies to cope with
combined N+W deficit that contributed to the maintenance of the redox homeostasis,
with unchanged values of MDA (lipid peroxidation) and H,O, compared to CTR plants.
In Chapters 2.1 and 2.2, the W deficit level imposed did not impact several plant
growth related traits but when combined with N deficit it was enough to activate multiple
osmoregulatory and AOX responses. This suggests that N deficit had a higher impact on
these traits but raised the hypothesis that this W deficit level may have played a role in
the acclimation of young tomato plants to the combined N+W deficit, possibly making the
plants more fitted for handling additional abiotic stresses. A recent study in maize has
shown beneficial stress memory responses induced by priming the seedlings with

combined heat and drought stress which prompt their defence system to trigger more
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effective clearance mechanisms against subsequent exposure to these combined
stresses (Ru et al., 2022). The same stress memory response may also have occurred
in our tomato plants subjected to combined N+W deficit, suggesting that it could also be
used as a priming strategy for preparing the plants to cope with future abiotic stresses.
However, further studies are needed, and the level of N deficit will need to be thoroughly
adjusted to avoid, as in this thesis, impairments in plant growth.

As aforementioned, several enzymes and genes involved in N metabolism were
shown to be affected by combined N+W deficit (Chapter 2.1). One of the affected
enzymes was glutamine synthetase which is responsible for assimilating ammonium into
amino acids (Bernard and Habash, 2009). On the other hand, some amino acids play an
important role in N remobilization (e.g. arginine and asparagine) and osmoregulation
(e.g. proline and glycine betaine) (Masclaux-Daubresse et al., 2010; Winter et al., 2015;
Ghosh et al., 2021; Ozturk et al., 2021). Several studies, including some using tomato
plants, demonstrated that N deficiency often leads to lower total amino acids content,
since N is a central nutrient for their formation (Ruan et al., 2010; Yang et al., 2020; Kova
ik et al., 2006; Sung et al., 2015). Contrarily, under water deficit the content of free amino
acids is increased in tomato plants (Zivanovié et al., 2020). Therefore, we hypothesized
that free amino acids content might be specifically adjusted after exposure to combined
N+W deficits. On the other hand, water deficit has a severe effect on root nutrient uptake
due to the reduction in soil moisture which causes a decreased rate of nutrient diffusion
from the soil matrix to the absorbing root surface and translocation to the leaves
(Rouphael et al., 2012). Since N is a dominant macronutrient, its deficit also impacts
other nutrients, with its ionic form controlling cation and anion uptake through the charge
balance mechanism in ion uptake (Borgognone et al., 2013). This impact might be worse
in plants grown under combined N+W deficit. Furthermore, the xylem and phloem are
responsible for macronutrient and amino acid transport, playing an essential role in shoot
nutrition (White, 2012), suggesting that combined N+W deficit may impact anatomical
characteristics of vascular tissues responsible for meeting plant water and nutrient
demands. Therefore, in Chapter 2.3 we decided to further explore the morphological
and physiological responses to the combined N+W deficit, but also additional
mechanisms involved in N remobilization and osmoregulatory responses. However,
contrarily to Chapter 2.1 and Chapter 2.2 where we focused on tomato plants response
to a gradual and mild single and combined N+W deficit (16 days), in Chapter 2.3 we
decided to explore plant responses to a more prolonged N and/or water deficit (27 days),
as it is know that plants’ response is often dependent on the level of N or water deficit to

which the plants are subjected (Parkash and Singh, 2020). In this chapter we showed,
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for the first time, that exposing tomato plants for 27 days to a combined N+W deficit
resulted in specific plant’ responses that could not be predicted from those observed
under the single deficits. Contrarily to Chapter 2.1 and Chapter 2.2 (where, single N
deficit had a higher negative impact on the tomato biometric traits than water scarcity,
with the first group of plants sharing several similarities to those grown under combined
N+W deficit), in Chapter 2.3 both single deficits negatively impacted tomato biometric
traits to the same extent, but the combined N+W deficit caused a higher reduction on
tomato biometric traits. In contrast, hypocotyl, phloem and xylem area on the cross-
section were negatively affected to the same extent in all types of deficit treatments.
Furthermore, in Chapter 2.1 and Chapter 2.2, different molecular and biochemical plant
responses were shown to be differently employed by tomato plants subjected to the
combined deficit, which were organ dependent. The same differential response was
observed in Chapter 2.3. Plants grown under combined N+W deficit responded mainly
with an increased root synthesis of arginine and asparagine compared to plants grown
under the single deficits. This probably resulted in lower N remobilization from the
photosynthetic machinery, as demonstrated by the lower reduction in chlorophyll content
and photosynthetic rate compared to plants grown under single N deficit. Additionally,
alanine, tyrosine and phenylalanine levels were specifically increased in the roots of
plants grown under the combined N+W deficit. These three amino acids, together with
arginine, were previously reported as acting against osmotic stress in rice (Matsunami
et al., 2020). Plants grown under combined N+W deficit also increased the reallocation
and synthesis of osmolytes such as K*and proline, respectively, contributing to stomatal
closure and a lower transpiration rate than plants under the single W deficit. On the other
hand, plants grown under single W deficit invested relatively more in the root system,
stimulating uptake of water and nutrients compared to plants grown under combined
N+W deficit.

Taken together, the data from Chapter 2 indicate that there is a differential
behavior between combined N+W deficit and single deficits, as well as between plant
organs (roots and shoots), which highlights that tomato plants grown under combined
stresses employ specific response mechanisms that cannot be elucidated from the
responses obtained when these stressors are applied individually. This holistic approach
supports earlier reports that also show that the combination of others abiotic and/or biotic
stresses generates specific plant responses (Garcia-Marti et al., 2019; Hussain et al.,
2018; Pandey et al., 2015).
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2. Exploring sustainable mitigation strategies to enhance tomato

plants' performance under combined nitrogen and water deficit

So far, research focused on agronomical strategies for stress mitigation mostly
rely on studies targeted to single deficits. However, the current context of climate change
and environmental instability, where combined stresses are expected to be prevalent,
urges exploring strategies that can improve crop performance under these conditions
(Fernandes et al., 2022). A sustainable method that is receiving much attention in recent
years, due to its role in alleviating the adverse effects of several abiotic stresses, is the
application of silicon (Si) (Bokor et al., 2021; Nunes da Silva et al., 2022). Supplementing
agronomic crops with Si has been adopted as an effective strategy for alleviating drought
stress (recently reviewed by Bokor et al., 2021; Malik et al., 2021; Thorne et al., 2020;
Verma et al., 2022; Wang et al., 2021). In contrast, the literature concerning Si potential
in mitigating nutrient deficiencies is far scarcer (Ali et al., 2020; Pavlovic et al., 2021). Si
positively impacts N uptake, assimilation, and remobilization, which in turn can contribute
to improved N utilization within plant tissues (Minden et al., 2021; Pavlovic et al., 2021).
However, the effects of Si supplementation in plants exhibiting passive absorption and
low accumulation of Si (Si-excluder plants), such as tomato (Hoffmann et al., 2020; Liang
et al., 2007), especially when subjected to combined N+W deficit, has been overlooked.
One of the critical mechanisms proposed for alleviating abiotic stress after Si
supplementation relates to stimulating the plants” AOX system (Liang et al., 2007). In
Chapter 1.2 we summarize reports demonstrating that Si supplementation can enhance
the AOX system of several crops subjected to drought stress (Bokor et al., 2021).
However, the potential impact of Si on plants’ AOX system in crops grown under N deficit,
needs further investigation (Ali et al., 2020). In Chapter 3.1 we analysed, for the first
time, the effect of 2 mM Na,SiO3; supplementation in tomato plants exposed for 27 days
to a prolonged single or combined N+W deficit, resulting in a significantly higher RDW
and root length and consequently higher TDW compared to control plants. The better
performance of Si-supplemented plants grown under combined N+W deficit may be
related, at least partly, to the root's AOX system where an increase in all the studied
AOX enzymes activities (APX, CAT and SOD) was found. This more pronounced impact
of Si at root level may be because both the N deficit and the W deficit perception takes
place in the roots (Bengough et al., 2011; Sun et al., 2020a), where the supplementation
of Si also occurred. In Chapter 3.1 we confirmed that the strategies used to mitigate the
single deficit may activate different responses under a combined N+W deficit. For plants
subjected to either N or W deficit, the impact of Si was not as evident when compared to

combined N+W deficit plants. This difference in the results could be due to different
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experimental design conditions such as the form and concentration of silicon given to
the plants, the type of substrate used, or even using different tomato genotypes
(previously discussed in Chapter 3.1). Nonetheless, our results are highly relevant since
the combined deficit was the treatment with the largest negative impact on the growth
traits and where Si application would bring the most benefits.

Another powerful tool that can enhance crop resilience to abiotic stresses is plant
breeding (Monforte, 2020). Nonetheless, several decades of genotype selection and
crop breeding for high yields led to so-called genetic erosion. Modern tomato cultivars
have now very narrow genetic bases, most of which are sensitive to N deficit and drought,
as this selection have been conducted under high N and water supplies (Esteban et al.,
2016; Machado et al., 2022; Shirasawa et al., 2010). Although the genetic variation within
a species could be used as a valuable tool for screening and breeding for WUE and
NUE, the genotypic variation in plants’ response to combined N and water deficit is
largely unknown (Ruggiero et al., 2022). Previous studies reported genotypic variation in
tomato in response to N or water deficiency, but they were limited to a much lower
number of genotypes and most of them were focused on the plant responses to single
stresses (Abenavoli et al., 2016; Sanchez-Rodriguez et al., 2010a). Furthermore, most
tomato breeding programs, that introduce genotypic variability for fruit quality and
environmental adaptation make use of wild tomato relatives (Conesa et al., 2020).
However, old accessions held in germplasm collections (e.g. landraces and heirlooms)
might also represent a valuable gene pool for tomato improvement. Nonetheless, they
represent an untapped genetic resource (Conesa et al., 2020; Roohanitaziani et al.,
2020). Therefore, in Chapter 3.2 we explored the potential of old accessions as a source
of variation concerning NUE and WUE. We used 40 tomato genotypes which included
34 old accessions (four modern inbred lines/hybrids and two wild tomato relatives were
also used as anchors) that were grown under combined N+W deficit. We showed a large
genotypic variation in response to combined N+W deficit exists in old accessions. A
Principal Component Analysis alongside with data integration in a cluster analysis
separated the studied genotypes into three distinct clusters based on their ability to
handle the combined N+W deficit. Though the combined deficit severely affected all
growth parameters, this effect depended on the genotype and evaluated trait. This
analysis allowed us to demonstrate that the tolerance of these genotypes was associated
with traits such as lower SLA, lower LAR and higher WUE, compared to the sensitive
genotypes. Moreover, they were also associated, but to a lesser extent, with a lower gs.
Although gs and F./Frn have been widely used in plant stress-tolerance physiology (Liang

et al.,, 2020), our results suggest that these two parameters are not key in tomato

178



FCUP
Unravelling the mechanisms involved in tomato responses to combined nitrogen and water deficit

tolerance response to combined N+W deficit. Nevertheless, none of the studies that
associate tolerance with these two physiological traits have focused on tomato plants’
response to the combined stress. Interestingly, we observed that the two accessions of
the studied wild tomato relative S. pimpinellifolium were not part of the tolerant cluster.
This observation was somehow unexpected since wild relatives are essential genetic
sources of abiotic tolerance traits (Conesa et al., 2020; Martinez-Cuenca et al., 2020).
On the other hand, we showed that old accessions may represent a valuable gene pool.
This result highlights that old accessions, such as landraces and heirlooms, may
represent an underexploited wealth of genetic variation. Despite being discarded due to
undesired agronomic traits, they might encompass high NUE and WUE, which can be of
utmost importance for future plant breeding programs. In a very recent study, Ruggiero
et al. (2022) also exposed ten tomato genotypes (including genotype M82 as reference
and landraces from Southern Italy) to a combination of drought stress and low NOs,
identifying among the landraces, tomato genotypes with  contrasting
morphophysiological behaviors, which reinforces that these underutilized accessions
may be promising tools to increase NUE and WUE.

Taken together, Chapter 3.1 and Chapter 3.2 represent one step further on the
available knowledge, but the is still the need for further studies focused on strategies to
support tomato plants in coping with low inputs of N and water thus improving their NUE
and WUE.
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Conclusions and Future Prospects

The overall goal of this thesis was to explore the underlying mechanisms
(morphophysiological, biochemical and molecular) involved in tomato responses to
combined N+W deficit and compare these with the response to single N or W deficit.
Furthermore, this thesis analyzed sustainable mitigation strategies towards more
resilient tomato plants to cope with these combined abiotic deficits.

We showed for the first time the differential response mechanisms of tomato
plants exposed to combined N+W deficit, compared to the single deficit, at gene
expression level and regarding metabolite accumulation and phenotype translation
(Chapter 2). The stress levels studied in this thesis activated relevant N remobilization
and osmoregulation strategies. The AOX system also played an important role in tomato
acclimation to the combined N+W deficit. We also demonstrated that the response
pattern to combined deficit is quite distinct between root and shoot (Chapter 2 and
Chapter 3.1). Si application and genotypic variation were shown to be potential valuable
tools to mitigate some of the adverse effects caused by combined N+W deficit (Chapter
3). Applying 2 mM Na,SiOs to tomato seedlings’ roots could partly alleviate the stress
caused by combined N+W deficit by improving plant growth and stimulating the AOX
system (Chapter 3.1). In this thesis it was also shown, for the first time, that tomato has
a large genotypic variation in its response to the combined N+W deficit, and that old
accessions represent a valuable gene pool in terms of tolerance to these combined
abiotic stresses, offering good prospects for plant breeding programs targeted to
promote sustainable food production. SLA, LAR and WUE were key parameters in the
tolerance response. On the other hand, gs and F./Fn, were not distinctive traits in terms

of tolerance (Chapter 3.2).

Although in this work several mechanisms and potential sustainable mitigation
strategies involved in tomato responses to combined N+W deficit were identified, further
studies are needed. We identified several indicators of N remobilization and
osmoregulation, but the complete pathways involved in these processes still need to be
better explored. We showed that the AOX system is highly relevant for combined N+W
deficit acclimation, but hormonal regulation might also play an important role, which
needs elucidation. Indeed, understanding the complete set of mechanisms involved in
the complex interactions between combined N+W deficit is still in its infancy. An
untargeted and integrated approach involving high throughput methodologies could
contribute to unravelling other relevant pathways, preferably exploring contrasting

genotypes in their tolerance to these combined abiotic stresses. The responses
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observed under tomato exposure to mild levels of combined N+W deficit also raised the
hypothesis that low levels of this combined stress may activate AOX responses, which
might act as a priming strategy for preparing the plants to cope with future situations of
low N and water inputs. In future studies, it would be important to test this hypothesis
and determine whether the current findings apply to other tomato cultivars and plant
species. Si application to tomato seedlings showed promising results for combined N+W
deficit mitigation. Future studies should test which application mode (fertigation vs foliar
application) and frequency (single vs multiple application) provides best results. Finally,
the efficiency of the old accessions identified as tolerant to N+W deficit, during the
vegetative phase, should be evaluated in other development stages, especially in the
fruit-bearing phase. Furthermore, understanding the impact of the combined N+W deficit
on yield and fruit quality is essential as it impacts the economic revenue of the tomato
crop. Exploring the underlying mechanisms behind the different tolerance levels found in
the studied tomato genotypes (including single vs combined stresses) would also bring

important information for future breeding programs.

Strengths and limitations

As strength of the current work, we highlight the novel findings concerning the
identification of several mechanisms differentially used by plants grown under a
combined N+W deficit compared to plants grown under single N or W deficit. Additionally,
we showed that Si application and making use of old accessions in tomato breeding
programs may be valuable approaches to mitigate some of the adverse effects caused
by combined N+W deficit. The indications that mild combined N+W deficit during the
seedling stage may be used to prime plants for future exposure to adverse conditions is
also great of importance.

As limitation, we acknowledge that the higher level of N deficit compared to W
deficit, imposed in Chapter 2.1 and 2.2, may have influenced some of the responses
observed in plants grown under combined N+W deficit when compared to single deficit.
Nonetheless, under environmental conditions, most of the times, plants are not exposed
to the same level of stress, so we believe that the results presented here continue to
make a valuable contribution to the current knowledge. Furthermore, we are aware that
many of the plant responses here observed, can vary throughout the tomato life cycle.
Considering that fruit production is the growers’ target, we emphasize the need for more
applied studies during the generative stage in order to evaluate the impact of the

combined deficit on the yield and fruit quality.
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With the large dataset collected in the present thesis, we hope to motivate future
studies addressing the aforementioned limitations to further understand the complex
interactive consequences of N starvation and water shortage on this crop. We also
acknowledge that the screening performed in Chapter 3.2 does not allow to conclude
about the contribution of each individual deficit to the behavior observed under the
combined N+W deficit treatment, but we strongly believe that the identified contrasting
genotypes can be a useful basis for an in-depth analysis of the tolerance mechanisms

to these combined abiotic stresses.
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