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ABSTRACT

ROSA, Bruno Luan, D.Sc., Universidade Federal de Vigosa, April, 2022. The genetic basis
of drought resistance in tomato. Adviser: Agustin Zsdgon.

The development of crop varieties capable of maintaining satisfactory yields under stressful
conditions such as drought is an important step towards ensuring adequate food production in
the future. In this context, natural genetic variation in tomato can be allied with modern
techniques such as the production of introgression lines, as well as mutant and transgenic
organisms in the search for varieties more resistant to water deficit. Here, we show that S.
pennellii introgression lines 1L2-5, 1L4-3, and 1L.2-5/4-3 exhibit increased leaf succulence, as
well as significant changes in leaf thickness and stomatal density. Together, these leaf traits
contributed to the maintenance of leaf water status, which improved photosynthetic
performance and plant resilience when subjected to drought conditions. In this work, we also
demonstrated the physiological and hydraulic changes caused by an allelic variant of the
OBSCURAVENOSA (OBV) gene. In addition to controlling the development of vascular
bundle sheath extensions (BSE), this gene also resulted in significant changes in leaf insertion
angle, leaf margin serration, venation density, and fruit shape. We found that BSE
development is strongly linked functionally to the auxin signaling network involving AUXIN
RESPONSE FACTOR 4 (ARF4). Lastly, we show that loss of function of ARF4 alters leaf
structure, resulting in a phenotype with severe leaf curling and low stomatal conductance.
Loss of ARF4 function increased water and abscisic acid content in leaves, resulting in
significant improvements in tomato plant resistance to salt and osmotic stress. Our data
provide evidence that anatomical and morphological changes in leaves, whether from natural
genetic variation or genetically modified organisms, can help to better understand the process
of resistance to abiotic stress, such as drought and salinity. Thus, we suggest that mapping and
identifying the genes responsible for the leaf traits demonstrated here may help in the creation

of future varieties that are more resistant to water deficit.

Keywords: Solanum pennellii. Introgression lines. Auxin. CRISPR-Cas9. Bundle sheath
extensions. Drought stress.



RESUMO

ROSA, Bruno Luan, D.Sc., Universidade Federal de Vigosa, abril de 2022. A base genética
da resisténcia a seca no tomateiro. Orientador: Agustin Zs6gon.

O desenvolvimento de variedades capazes de manter rendimentos satisfatorios sob condi¢oes
estressantes, como a seca, € um passo importante para garantirmos a producdo adequada de
alimentos no futuro. Neste contexto, a variagdo genética natural do tomateiro pode ser aliada a
técnicas modernas, como a producdo de linhagens de introgressdo, assim como organismos
mutantes e transgénicos na busca de cultivares mais resistentes ao déficit hidrico. Aqui,
mostramos que as linhagens de introgressao S. pennellii 1L2-5, 1L4-3 e IL2-5/4-3 exibem
maior suculéncia foliar, bem como mudangas significativas na espessura da folha e na
densidade estomadtica. Juntos, essas caracteristicas foliares contribuiram para a manutencao do
status hidrico foliar, o que melhorou o desempenho fotossintético e a resiliéncia da planta
quando submetida a condi¢Oes de seca. Neste trabalho, também demonstramos as alteragdes
fisiolégicas e hidrdulicas causadas por uma variante alélica do gene OBSCURAVENOSA
(OBV). Além de controlar o desenvolvimento de extensdes de bainha vascular (BSE), este
gene também resultou em mudangas significativas no angulo de insercao da folha, na serracao
da margem da folha, na densidade de venagcdo e na forma do fruto. Descobrimos que o
desenvolvimento da BSE estd fortemente ligada a rede de sinalizagdo de auxina envolvendo
AUXIN RESPONSE FACTOR 4 (ARF4). Por fim, a perda de funcdo de ARF4 altera a
estrutura das folhas, resultando em um fenétipo com severo enrolamento foliar e baixa
condutancia estomdtica. Aqui, mostramos que a perda da funcdo do ARF4 aumentou o
conteddo de 4gua e acido abscisico nas folhas, resultando em melhorias significativas na
resisténcia do tomateiro ao estresse salino e osmético. Nossos dados fornecem evidéncias de
que alteracdes anatdmicas e morfoldgicas das folhas, sejam elas provenientes da variagdao
genética natural ou de organismos geneticamente modificados, podem ajudar a entender
melhor o processo de resisténcia ao estresse abidtico, como a seca e a salinidade. Assim,
sugerimos que o mapeamento e identificacdo dos genes responsdveis pelas caracteristicas
foliares aqui demonstradas podem ajudar na criacio de futuras variedades mais resistentes ao

déficit hidrico.



Palavras-chave: Solanum pennellii. Linhagens de introgressdo. Auxina. CRISPR-Cas9.
ExtensOes da bainha do feixe vascular. Estresse hidrico.
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GENERAL INTRODUCTION

The leaf thickness is a determinant trait for photosynthetic efficiency, also playing an
important role in the survivability of plants to extreme climatic factors (Ogburn and Edwards,
2010; Poorter et al., 2010; Galmés et al., 2013). In tomato, increased leaf thickness linked to
elongation of palisade parenchyma cells may function as an adaptation to arid environments,
this being a trait responsive to environmental conditions of light and water (Coneva et al.,
2017). High ploidy levels have been observed in thicker tomato leaves, indicating that
increased endoreduplication may support larger cells and, consequently, thicker leaves
(Coneva et al., 2017). In this work, we investigated whether the association between increased
leaf thickness and increased mesophyll cell size may result in greater succulence ensuring
greater drought resistance to tomato. The term succulence can be defined as the ability of a
plant to store water in living tissues becoming temporarily independent of the external water
supply (Males, 2017). Succulence in plants is considered the most successful anatomical
adaptation in terms of drought avoidance and has a strong link with increased ploidy and leaf
thickness (Males, 2017; Lim et al., 2020).

Vascular bundle sheath extensions (BSE) have a strong influence on leaf hydraulic
conductance, consequently, the presence of this structure in leaves tends to increase stomatal
conductance thus benefiting an improvement in photosynthetic activity (Brodribb et al., 2007;
Buckley et al., 2011; Sack and Scoffoni, 2013; Zsogon et al., 2015). Despite their functional
impact, what determines the distribution of leaf BSEs in natural and agrarian environments
has yet to be unraveled. Thus, identifying the genetic basis of BSEs may help to understand
the ecological functions of this structure, as well as the benefits of using this structure for the
development of more productive varieties.

Finally, in this work, we also address the effects of loss-of-function and a
CRISPR/cas9-induced mutant in SIARF4 on tomato resistance capacity to salinity, drought,
and osmotic stress. Auxin response factors (ARF's) can be related to different plant responses
to environmental stresses, including through significant changes in leaf morphology (Jones et
al., 2002). However, the role of ARFs in different plant responses under environmental stress
conditions remains poorly understood. Here, we show through morphological, anatomical,
physiological, and molecular analyses, how the involvement of SIARF4 may affect the

responses of tomato plants to these stresses.
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Genetic control of leaf thickness based on natural genetic variation in tomato

Natural genetic variation, coupled with the advent of modern molecular biology
techniques, such as molecular markers and gene editing, complement each other, aiding the
breeding process in plants (Mascher et al., 2019). Introgression lines (IL) of S. pennellii (S.
pen), produced in the background of tomato (S. lycopersicum - S. lyc) cultivar M82 (Eshed
and Zamir, 1995), are among the most important tools for tomato genetic mapping (Alseekh
et al., 2013). The complete population of S. pen ILs covers the entire genome of tomato cv.
MS82 with overlapping segments of S. pen. Thus, every phenotypic difference observed
between ILs, or between ILs and the parents, can be attributed to one or more genes found
within the introgressed chromosomal segment (deVicente and Tanksley, 1993). Thus, a
multitude of quantitative trait loci (QTL), responsible for environmental adaptations,
productivity, metabolism, and gene expression, are exposed (Lippman et al., 2007).

Several leaf phenotypes can be observed in a population of S. pen 1L, many of which
exhibit traits with a strong influence on drought responsitvity (Chitwood et al., 2013; Coneva
et al., 2017). Plants growing in arid environments commonly exhibit leaves with smaller
areas, increased thickness, higher pilosity, and high succulence (Poorter et al., 2009; Sack et
al., 2012; Ogburn and Edwards, 2012; Coneva et al., 2017; Galdon-Armero et al., 2018).
Alteration of some of these leaf traits, such as thickness, stomatal and venation density can
significantly influence gas exchange, photoassimilate transport, hydraulic conductance, and
water use efficiency (Sack and Holbrook, 2006; Brodribb et al., 2007; Sack et al., 2012;
Zsogon et al., 2015). Some of these leaf traits observed in ILs of S. pen segregate
independently, facilitating the selection of specific phenotypes (Chitwood et al., 2013). This
behavior, coupled with the strong coordination between anatomical and physiological traits in
the leaf, may enable leaf anatomy to be manipulated to withstand water shortage conditions
without impairing agronomic performance (Chitwood et al., 2013; Muir et al., 2017). In this
way, leaf traits present in wild tomato species can be introduced into commercial cultivars, to
make them more tolerant to climate change and better adapted to the specific conditions of
current agronomic practices (Muir et al., 2017).

Tomato is the most cultivated vegetable worldwide (Schwarz et al., 2014) , according
to FAO, the sum productivity of 175 countries in 2016 reached a total of 177 million tons of
tomatoes, which were produced in approximately 4.8 million hectares of cultivated area
(www.fao.org/faostat). Despite its food importance and great genetic variation, few genes

conferring drought resistance have been identified in this species (Iovieno et al., 2016a; Arms
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et al., 2017). IL2-5, 1L 4-3, and 1L2-5/4-3 have thicker leaves compared to the other ILs of S.
pen and its background cv. M82 (coneva eta al). However, the behavior of these ILs under
drought conditions has not yet been characterized. Here, we provide the hypothesis that the
increased leaf thickness of these ILs may be accompanied by increased leaf succulence. In
this context, through characterization of IL2-5 and 1L4-3 from S. pen we demonstrate the role
of leaf traits, such as increased leaf thickness and succulence, in enhancing drought resistance

in tomato.

Influence of BSEs on leaf functions

The spontaneous mutant obscuravenosa (obv) has a characteristic leaf phenotype,
which is marked by the absence of vascular bundle sheath extensions (BSEs) in the leaves
(Wylie, 1952). The presence of BSEs is commonly observed in the leaves of most tree species
that reach the canopy in a forest. However, this is not a commonly observed characteristic in
undergrowth species (Kenzo et al., 2007). The BSE consists of a column of parenchymatic
and sclerenchymatic cells that connects the vascular bundle to the adaxial or abaxial
epidermis, or both, in leaves of many species. The presence of BSE compartmentalizes the
mesophyll and creates barriers that prevent lateral diffusion of gases, especially CO,
(Terashima, 1992). Compartmentalization of the mesophyll causes gas pressure along the leaf
lamina to be heterogeneous. Thus, leaves that possess BSE are termed heterobaric
(Terashima, 1992). The presence of BSE increases water distribution and light transfer to the
inner layers of the mesophyll benefiting photosynthetic performance along the leaf and plant
canopy (Karabourniotis et al., 2000; Buckley et al., 2015). However, the main role played by
BSE is the hydraulic integration between mesophyll tissues and vascular tissues (Brodribb et
al., 2007; Buckley et al., 2011).

On the other hand, the absence of BSE increases the lateral diffusion of gases,
consequently, the gas pressure in the mesophyll along the leaf lamina can become
homogeneous, and leaves with this characteristic are classified as homobaric (Terashima,
1992; Pieruschka et al., 2006). In these leaves, hydraulic integration is limited and water
transport faces greater resistance (Zsogon et al., 2015). However, increasing lateral CO, flux,
in homobaric leaves, can improve photosynthetic activity, increase water-use efficiency
(WUE), and reduce photoinhibition damage (Pieruschka et al., 2006; Xu et al., 2008; Barbosa
etal.,2019).

The tomato is an ideal genetic model to study the ecophysiological functions of BSE,

as its species and varieties exhibit variation for this leaf trait. The absence of BSE in tomato
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was attributed to the obv mutation, whose locus was mapped on chromosome 5, in bin 5G,
with the help of IL from S. pen (Jones et al., 2007). The discovery of the bin where the obv
mutation is contained facilitated the mapping of possible candidate genes (Chitwood et al.,
2013). Here, we identify a functional allelic variant of OBV and characterize its influence on

physiological and hydraulic responses in tomato.

The role of auxin in abiotic stress responses

Despite being the first discovered phytohormone, the role of auxin in stress responses
in plants remains poorly studied (Sharma et al., 2015). The diversity of morphological and
physiological responses mediated by auxin highlights its important role in plant survival
(Barkoulas et al., 2007; Bielach et al., 2017). Recent work provides evidence that auxin can
mitigate the negative effects generated by various abiotic stresses, including water deficit
(Bielach et al., 2017; Hu et al., 2015; Sharma et al., 2015; Van Ha et al., 2013). Endogenous
auxin levels can modulate redox homeostasis and regulate root development during drought,
also causing significant morphophysiological changes in the aerial part (Wang et al., 2005;
Ivanchenko et al., 2013; Bouzroud et al., 2018).

ARF family genes have been identified and characterized in tomato (Zouine et al.,
2014) and are involved in the control of many physiological processes, such as lateral root
development, fruit development, expansion, leaf senescence, and embryogenesis (Zhang et
al., 2015; Breitel et al., 2016). For example, negative regulation of ARF4 expression by
antisense RNA (ARF4-as) results in severe leaf curling as well as changes in fruit ripening
(Sagar et al., 2013). Alterations in auxin signaling during water deficit have already been
observed in many plant (Bouzroud et al., 2018; Hu et al., 2015; Kang et al., 2018; Van Ha et
al., 2013). In tomato, exposure to drought stress resulted in significant increases in the
expression of several ARF genes, including SIARF4, in leaves and roots (Bouzroud et al.,
2018). Thus, the auxin signaling network may help explain how the suite of leaf
morphological traits, such as leaf complexity, size, serration, succulence, as well as stomata,
and vein density, may influence water deficit resistance in this species (Barkoulas et al., 2007;
Lim et al., 2020). Here, we determined the influence of negative regulation and loss of
function of ARF4 on tomato plant survivability to drought, salinity, and osmotic stress. In this
work, we demonstrate the role of ARF4 in enhancing drought resistance as well as salinity
resistance using ARF4 knockout mutant (ARF4-KO) and transgenic lines with antisense RNA
(ARF4-as) in the Micro-Tom background.
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ABSTRACT

Natural genetic variation in tomato is an important tool for the breeding of cultivars resilient
to adverse climatic conditions such as drought. In this context, the wild tomato S. pennellii
has several adaptations that make it a major source of drought resistance genes. Introgression
lines of S. pennellii produced in the background of S. lycopersicum cv. M82 has enabled the
mapping of different leaf traits related to increased resistance to water deficit. In this work, we
demonstrate how leaf morphological and anatomical traits found in IL2-5, IL4-3, and the
combined IL2-5/4-3, such as increased thickness and succulence, can aid in the drought
resistance capacity of tomato. These lines showed significantly increased leaf succulence,
improved maintenance of water status under drought conditions, delayed wilting, and
increased tolerance to leaf desiccation. In addition, we found that IL2-5/4-3 avoids damage to
photosynthetic machinery and chlorophyll degradation even after a severe drought. Our data
showed that increasing leaf thickness and leaf mass did not alter CO, diffusion and
assimilation under normal conditions. On the other hand, these lines showed a higher
photosynthetic capacity compared to cv. M82. The weak coordination between leaf
anatomical and physiological traits in these lines may be a starting point for breeding plants
with water-saving strategies, thereby improving photosynthetic performance and plant

resilience under drought conditions.

Keywords: Gas exchange, leaf anatomy, water stress, water saving adaptations
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INTRODUCTION

Wild tomato species can survive in harsh environmental conditions, such as aridity,
high-temperature range, and soil salinity (Zhou et al., 2018; Pailles et al., 2020). These
environments have allowed the evolution of an important germplasm bank, which contains
species with traits that can improve the resistance of cultivated tomato to stressful
environmental conditions (Van Oosten et al., 2016). Among such species, Solanum pennellii
(S. pen) stands out as a source of drought resistance genes for the improvement of the
cultivated tomato Solanum lycopersicum (S. lyc) (Rick, 1973). Several features conferring
drought resistance have already been identified in S. pen, for example, increased lipid
biosynthesis aimed at cuticle waterproofing (Fernandez-Moreno et al., 2017) and increased
expression of genes that conferring desiccation resistance (Koenig et al., 2013).

Plants growing in arid environments exhibit characteristic phenotypes, which enable
different drought coping strategies, such as smaller and thicker leaves, higher pilosity due to
increased trichome density, and succulence (Poorter et al., 2009; Sack et al., 2012; Ogburn
and Edwards, 2012; Coneva et al., 2017; Galdon-Armero et al., 2018). Succulence of plant
tissues is considered one of the most successful drought adaptations in the plant kingdom
(Grace, 2019). Overall, succulent plant tissues are composed of a series of anatomical
adaptations that allow plants to become temporarily independent of external water supply
(Ogburn and Edwards, 2010). Increasing succulence using genetic engineering has been
shown to have positive effects on improving drought resistance in Arabidopsis thaliana (Lim
et al., 2020). However, studies involving the enhancement of this trait in tomato have not yet
been conducted.

Tomato lines involving crosses between S. pen and S. lyc (Eshed and Zamir, 1995)
have enabled the mapping and characterization of a diversity of phenotypes and may serve as
an advantageous tool for enhancing succulence in this species. The near-isogenic
introgression lines (IL) of S. pen in the background of S. lyc (cv. M82) (Eshed and Zamir,
1995) have facilitated the mapping of several Quantitative Trait Loci (QTL) responsible for
numerous phenotypes in tomato and other plant species (Lippman et al., 2007; Balakrishnan
et al., 2019). A complete population of IL covers virtually the entire genome of cv. M82 with
discrete, overlapping S. pen segments (Chitwood et al., 2013). Thus, phenotypic differences
observed between ILs, or between ILs and parents, can be attributed to one or more genes
found within the introgressed chromosomal segment (deVicente and Tanksley, 1993). This

approach has been used to describe many characteristics of the modern tomato plant, such as
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the diversity of fruit and leaf traits (Paterson et al., 1990; Frary et al., 2000; Chitwood et al.,
2013).

Leaves are the main target organs for both improving drought resistance and
increasing the photosynthetic capacity of plants (Galmés et al., 2013; Ren et al., 2019; Lana-
Costa et al., 2020a). However, domestication and breeding of the tomato, aimed at increasing
productivity, has led to the loss of several leaf adaptations that confer greater resistance to
stressful environmental conditions (Chitwood et al., 2013). Wild tomato plants exhibit a
number of leaf traits that confer resistance to water deficit (Egea et al., 2018; Pailles et al.,
2020). Such traits are able to manifest themselves without compromising gas exchange (Muir
et al., 2017), and can segregate independently (Chitwood et al., 2013). Characterization of the
effect of leaf structure on diffusive and biochemical limitations to photosynthesis, as well as
its effects on water-use efficiency (WUE), have been conducted in wild tomato relatives and
in improved cultivars (Galmés et al., 2013; Muir et al., 2017). However, the impacts of leaf
structural changes within the same genetic background are still poorly studied. Thus, we
propose that the characterization of S. pen ILs may allow the identification and provision of
important genetic material for the development of new tomato cultivars resistant to water
deficit.

Here, we used ILs from S. pen that exhibit a significant increase in leaf thickness, as
well as changes in leaf shape (Coneva et al., 2017). IL2-5 has an expressive increase in leaf
thickness, more serrated leaflets, and reduced circularity. IL4-3, on the other hand, in addition
to thicker leaves than cv. M2, has less serration and rounder leaflets. Previous work
described the effect of each introgression on leaf architecture patterns by creating a double
homozygous line (Coneva et al 2017). The homozygous double IL.2-5/4-3 has thicker leaves
than cv. M82 at both vegetative and reproductive stages and its leaflets have less serrated
borders than either parent (Coneva et al., 2017). In addition to exhibiting common
characteristics of drought-adapted plants, this IL also exhibits leaf modifications that may
increase diffusion and uptake of CO, and light into mesophyll tissues, promoting increased
photosynthetic efficiency (Niinemets er al., 2009; Poorter et al., 2009; Terashima et al.,
2011). Our main objective is to provide a detailed investigation of the influence of leaf
architecture on the ability of tomato plants to resist drought. Based on this, in this work, we
characterized the main functional traits of drought resistance in the 1L.2-5, 1L4-3, and 1L2-5/4-
3. We hypothesize that increased leaf thickness may be accompanied by increased tissue

succulence, thus resulting in significant improvements in drought resistance capacity.
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MATERIALS AND METHODS

Plant material and growth conditions

All assays were conducted in a greenhouse at the Federal University of Vigosa,
Vigosa, Minas Gerais, (20°45'S, 42°54'W, 650 m altitude). The growth conditions inside the
greenhouse were as follows: average temperature of 20.5 + 1.8 °C; average relative humidity
of the ambient air of 75 + 3.5 %; and maximum photosynthetically photon flux density
(PPFD), measured at midday with a clear sky, varying around 1500 pmol m? s in summer
and 1200 umol m™ s in winter. The cultivation was carried out in 5 L pots containing
Tropstrate substrate (Vida Verde, Mogi Mirim, SP, Brazil) supplemented with 2 g L™ of
NPK 10:10:10 and 4 g L of dolomitic limestone (MgCO3 + CaCOs3 ).

Sowing was carried out in plastic trays filled with the substrate described above.
Transplanting to larger pots was carried out 20 days after sowing, when the seedlings had a
fully developed first pair of leaves. Topdressing fertilization, after transplanting, was
performed weekly via foliar application of Hoagland's solution. Fertilization was topped
fortnightly with 5 g NPK 10:10:10 applied close to the edge of the pots. Drought experiments
were carried out through the total suspension of irrigation for 10 or 12 continuous days. After
this period, irrigation was resumed and the recovery capacity was evaluated until the pre-
dawn ¥, showed values close to those observed in well-watered treatments.

In this work, we first performed a characterization of the photosynthetic and hydraulic
responses of MS82, IL2-5, I14-3 and IL2-5/4-3 under optimal conditions. In the second
experiment, we characterized the behavior of 1L2-5/4-3 compared to cv. M82 under drought
conditions; In the third experiment, we also subjected the parental ILs (IL2-5 and IL4-3) to
water deficit conditions to identify the contribution of each IL to drought responses; Finally,
we acclimated the genotypes M82, 1L2-5, ILA4-3 and IL.2-5/4-3 to moderate drought, 60% of
soil field capacity (SFC), for a period 40 days to characterize plant anatomy and productivity.
For SFC determination each pot was filled with 2 kg of the previously described wet substrate
and its dry weight was determined after drying for 96 h in an oven at 70 °C. The total water
holding capacity of this substrate (100% SFC) was determined by weighing pots containing
substrate completely saturated with water, after they had stopped dripping from the bottom.
Initially, irrigation was suspended for eight consecutive days and pot weight was monitored
until they were at 60% SFC. From there, the amount of water applied was estimated based on
the daily determination of SFC by weighing the pots. The drought treatment was started at 43

days after germination (DAG) on plants with = of four pairs of leaves, with the deficit
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maintained until 83 DAG to ensure leaf development in this condition. After this cycle, the

plants were re-watered to full SFC and fruit yield was determined 93 DAG.

Gas exchange, chlorophyll a fluorescence, A/C;curves, and SPAD index

Gas exchange analyses were performed in adult plants of cv. M82, IL2-5, IL4-3, and
IL.2-5/4-3. All the evaluations described below were measured in fully expanded apical
leaflets. Gas exchange and chlorophyll a fluorescence parameters were determined
simultaneously between 8 a.m. and 12 p.m. using an open-flow infrared gas analyzer (IRGA)
system (model LI-6400XT, Li-Cor Inc., Lincoln, NE, EUA) equipped with an integrated
fluorescence chamber of 2 cm® (6400-40 Leaf Chamber, Li-Cor Inc.). The equipment was
configured to provide a light intensity of 1000 umol m™ s and CO, concentration of 400
umol mol™, with the airflow in the chamber regulated to 300 pmol s™. For evaluation of dark
respiratory activity (Ry), a 6 cm? leaf chamber with airflow set at 100 umol s was used. The
effective quantum yield of photosystem II ($PSII) was determined by measuring the steady-

state fluorescence (Fs) and the maximum fluorescence (Fm'), applying a saturating light pulse

of 8000 umol m?s’ photons (Genty et al., 1989):
@PSIl = (Fy- Fy) | Fr' Eqn 2

The apparent rate of electron transport (ETR) was calculated as described by (Melis et al.,
1987):

ETR=p x a x ¢PSII x PPFD Eqn 3

Where B is the fraction of the excitation energy distribution in the PSII, a is the fraction of
light absorbed by leaves, and PPFD is the photosynthetically photon flux density.

The maximum quantum yield of PSII (F,/F,) was quantified on cv. M82 and IL2-5/4-
3 using a pulse modulated Mini-PAM fluorometer (Heinz Walz, Effeltrich, Germany).
Analyzes were performed at midday on leaflets previously acclimated to the dark for thirty

minutes. The F\/F,, was determined as described by Kitajima and Butler (1975):
FlFn=Fn—Fo)/ Fn Eqn 4

Where F, is the initial fluorescence and F, is the maximum fluorescence of the dark-
acclimated tissue. Fy and F,, were determined using measuring light less than 1 pmol m™ s™

and a saturating light pulse of 8000 pmol m?s™ for 0.8 seconds, respectively.
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Photosynthetic CO, response (A/Cj) curves were measured under ambient O, and
temperature, using PPFD of 1000 pmol m? s' and injection of incremental CO,
concentrations into the chamber (50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1200,
1400, 1600, 1800 umol mol™). CO, and water vapor leaks were corrected according to the
methodology described by Rodeghiero et al. (2007). Calculations of chloroplast
concentrations of CO; (C,) and mesophyll conductance (gn) were performed using the Harley

method (Harley et al., 1992):
gm = Aarea / [Cl - (F* (ETR + 8(Aarea + Rd))) / (ETR - 4(Aarea + Rd))] Eqn 5

Where A, is the net assimilation rate, ETR is the rate of photosynthetic electron transport
derived from chlorophyll fluorescence measurements, C; is the CO, concentration in
substomatic cavities and Ry is the rate of non-photorespiratory respiration in the light. To
calculate g, and C. we used the CO, compensation point (I'*) of tomato plants quantified by
Muir et al. (2017). The g, data were used to convert the A/C; curves into A/C. curves

according to the following equation:
Ce=Ci- (Algm) Eqn 6

The maximum Rubisco carboxylation velocity (Vimax), the maximum capacity for
electron transport rate (Jmax), and triose phosphate utilization (TPU) were estimated on C;
basis and normalized to 25°C (Long and Bernacchi, 2003). Stomatal (/;), mesophyll (/,,), and
biochemical (/) limitations were calculated as described by Grassi and Magnani (2005).

Light response curves were measured in O, and at room temperature, with a
concentration of 400 pmol mol! de CO, maintained at both points. After stabilization of
stomatal conductance (g), photosynthetic activity (A) was determined in the following PPFD
(1000, 1500, 1200, 900, 800, 700, 600, 500, 400, 300, 200, 150, 75, 50 and 0 pmol m™=s™).

The determination of photosynthetic pigments in cv. M82 and IL2-5/4-3 were
performed non-destructively using a portable chlorophyll meter model SPAD-502 Plus
(Konica Minolta, Japan). Each leaf was characterized by the average of three measurements

taken on the same leaflet as the gas exchange measurements.
Water potential and relative water content

Leaf water potential (‘) was evaluated using a Scholander portable pressure chamber
(1000, PMS Instruments, Albany, NY, USA) in the early morning (pd ¥y, = pre-dawn, 5 a.m.)

and at noon (md ¥, = midday, 12 p.m.). The leaflets were sectioned at the base of the petiole



23

with the aid of a blade and quickly inserted into the pressure chamber previously moistened
with humid filter paper.

The leaf relative water content (RWC) was quantified on the same leaflet used for the
Y,, measurements. Immediately after Wy, quantification, leaflets were stored in zip-lock bags
with high humidity and transported to the laboratory in polystyrene boxes in the dark. After
quantification of the fresh mass (FM), the leaflets were placed to rehydrate in distilled water
at room temperature for 12 h in the dark for turgid mass (TM) determination. The dry mass
(DM) was determined after oven-drying the leaflets at 70 °C for 72 h. The RWC was

calculated according to the following formula:
RWC = (FM - DM) / (TM - DM) x 100 Eqn 1

Leaf anatomy determinations

The terminal leaflets of the fifth leaf of plants grown under well-watered conditions
were used to compare the anatomical differences between cv. M82 and 1L2-5/4-3. The
anatomical characterization of leaflets of cv. M82, 1L2-5, 1L4-3 and 1L2-5/4-3 that expanded
completely under drought conditions was performed on the seventh leaf. To obtain leaf cross-
sections, a 1 x 0.5 cm fragment was excised from the leaf lamina and fixed in FAA70 (70%
formalin-acetic acid-alcohol) for 24 h. Subsequently, the samples were dehydrated in an
ethanol series (70%, 85% e 95%), under vacuum (-20 polHg). Pre-infiltration was performed
with resin (Historesin® Leica Microsystems, Wetzlar, Germany) and ethanol 95% (1:1) for 2
h under vacuum (-20 polHg), and infiltration was done in resin for one week. Cross-sections
of 5 um thickness made on an automatic microtome (RM2155, Leica Microsystems) were
mounted on blades and stained with 0.05% toluidine blue.

Vein density (V4) and stomatal density (Sq) were measured in apical leaflets of the
seventh fully expanded leaf in the drought treatment using six replicates per genotype. The
leaflets were collected and fixed in methanol 95 % for 48 h, then the solution was changed to
lactic acid 100 % and incubated at 100 °C until complete clarification (5-6 hours). The
theoretical hydraulic conductance (K), which indicates the axial water transport capacity
through the xylem, was calculated according to Tyree and Ewers (1991). The slides and
diaphanized leaflets were photographed under a light microscope (AX70 TRF, Olympus
Optical, Tokyo, Japan) coupled with a digital camera (Zeis AxioCan HRc, Goéttingen,

Germany) and a microcomputer with the image capture program Axio Vision. For image
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measurements, we used Image-Pro Plus® software (Media Cybernetics, Silver Spring, MD,

USA).

Saturated water content, fresh leaf thickness, leaf volume and leaf density

Saturated water content (SWC) was calculated according to Ogburn and Edwards
(2012) using five leaflets per individual, which were collected from the seventh fully
expanded leaf of six replicates per genotype. The water mass of the saturated tissue was
quantified after 12 h of rehydration in distilled water. After this step, the leaflets was scanned
to determine the leaf area (L,) and subsequent calculation of the SWC. The dry mass was then
quantified after drying in an oven at 70 °C for 72 h. The SWC was calculated on an area and

mass basis according to the following formulas:

SWC (g mz) = (leaflet mass (g) at full hydratation - dried leaflet mass (g)) / leaflet area (mz)
Eqn 7

SWC (g g) = (leaflet mass (g) at full hydratation - dried leaflet mass (g)) / dried leaflet mass
Eqn 8

Five leaflets from the fourth and fifth leaves of six replicates per genotype were
excised and immediately put to rehydrate for 12 h to determine the TM. After this step, the
leaflets were scanned for later determination of the leaf area (L,). The leaflet DM was
determined after drying in an oven at 70 °C for 72 h. We removed the petioles completely
before determining the TM and DM, and rehydration was carried out by placing the base of
the leaflet midrib in contact with distilled water. The estimation of leaf thickness (L) in um
was performed using the method of Vile et al. (2005) according to the equation proposed by
Muir et al. (2017):

Li=LMA /LDMC Eqn9

Where LDMC is the leaf dry matter content (ratio of leaf DM to saturated TM) and LMA is
the Leaf dry mass per area (ratio of Leaf DM to leaf area L,).

To calculate the volume of leaves and roots, a graduated cylinder partially filled with
water was used. The volume was quantified by the water displacement caused by the insertion
of the material in the container. The leaflets used to quantify the volume were dried in an oven

at 70 C for 72 h, and their mass divided by the volume to quantify the leaf density.
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Leaf hydraulic conductance

Leaf hydraulic conductance (Kj,f) was determined in plants of cv. M82, IL.2-5, 1L4-3,
and 1L2-5/4-3 by the evaporative flow method (Brodribb and Holbrook, 2006). Kie,¢
determination was performed using apical leaflets from the fully expanded fifth leaf. These
leaflets had their petioles cut under water and their lamina positioned in a conifer chamber
coupled to the IRGA (6400-22L Lighted Conifer Chamber) for quantification of transpiration
rates, E. The equipment was configured to provide 1000 pmol m? s of light intensity, CO,
concentration of 400 pmol mol'l, and chamber airflow of 500 pmol m~> s\, All measurements
were performed at 25°C and the vapor pressure deficit was maintained around 1.0 kPa. The
leaves remained in the chamber under these conditions until they reached a steady state of
transpiration (less than 10% variation over 180 s). Quantification of E was performed using
the entire area of leaflets between 8 a.m. and 12 p.m.. Immediately after E quantification, Py,
of the transpiring leaflet was determined using a Scholander-type pressure chamber. The leaf
area of the transpiring leaflet was quantified using ImageJ (National Institutes of Health,

Bethesda, USA). Kj..r was calculated as:
Kieat = -E / Wieatler Eqn 10

Kiear Values were normalized by the area of the leaflets (L,). The parameters were

determined in six plants per genotype.

Pressure-volume curves and rehydration capacity determinations

Pressure-volume curves (Tyree and Hammel, 1972) were performed on fully expanded
apical leaflets of the fifth leaf (n = 4). The leaflets were excised underwater and rehydrated
overnight for 12 h. In the next morning, leaves were allowed to slowly desiccate, while leaf
weight and V¥, were regularly assessed until ¥, stopped falling due to cellular damage. In the
end, the leaflets were scanned for leaf area (L,) measurement and oven-dried at 70°C for 72 h.
Dry weights were utilized to calculate RWC (Eqn 1), which was plotted against ¥y. From
each curve, we estimated the water potential and the RWC at turgor loss point (W1 p and
RWCrpp, respectively), the osmotic potential at full turgor (Ilo), the global modulus of
elasticity (¢), and the leaf capacitance at full turgor (Cgr) and turgor loss point (Crrp)
normalized by L,.

The percentage loss of leaf rehydration capacity (PLRC) was calculated as described
by Trueba et al. (2019). PLRC was calculated at 50 DAG using six replicates per genotype.

Five leaflets of the seventh leaf were collected per individual and placed to hydrate for 12 h to
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determine the turgid mass. To isolate the effect of water scarcity on the leaf, dehydration was
performed at 25°C, humidity of 50%, and low levels of irradiance (< 20 pmol m™ s PPED).
To estimate the RWC during dehydration, we considered that the leaflet dried mass
corresponded to 10% of the turgid leaflet mass. This value was determined based on previous
RWC quantifications of the respective genotypes. As they reached RWC around 100-90%,
80-70%, 60-50%, 40-30%, and 20-10%, the leaflets were removed from dehydration and
placed to rehydrate for another 12 h to determine the rehydrated mass. After this step, the
leaflets were oven-dried at 70 °C for 72 h and the dry mass was quantified for later

determination of the PLRC.

Minimal leaf conductance

The minimal leaf conductance (gmin) Was measured in apical leaflets of the fifth leaf
using the detached leaf mass loss method (Duursma et al., 2019). Seven leaflets per genotype
were used, previously hydrated for 12 h by immersion of the petiole in water. After this
period, the petioles were sealed with parafilm and weighed on an analytical balance every 15
minutes for 4 hours. During weighing, the temperature and humidity of the environment were
monitored for later calculation of leaf-to-air vapour pressure deficit (VPD). The gmi, was
estimated from the slope of the linear relationship between leaf mass versus time and
normalized by VPD and L,. The leaves were scanned before and after the dehydration period

and the average of both values was used as L, for g, calculations.
Growth parameters, dry mass, fruit yield, and total leaf area

The total leaf area of each plant was determined at the end of each experiment with the
aid of a meter (LI-COR 3100). The parameters, height, stem diameter, and internode length
were determined using a ruler and digital caliper. Fruit harvest for yield and determination of
harvest index (H;) was performed at 93 DAG. Fresh vegetative mass (leaves and stems) was
determined after fruit harvest, and HI was calculated as the ratio of total fruit yield to total
above-ground biomass (fruit and vegetative). To quantify the dry mass, the plant tissues (leaf,
stem, and root) were dried in an oven at 70 °C for 72 h and the dry mass was determined on a

precision analytical balance.
Experimental design and statistical analysis

The experiments were set up in completely randomized blocks. The first experiment

comparing cv. M82 with IL.2-5/4-3 was analyzed in a 2 x 2 factorial scheme (genotypes x
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water condition). The other drought experiments using the parental IL were analyzed in a 2 x
4 factorial scheme (water condition x genotypes). We used principal component analysis
(PCA) to identify the main axes of variation between fifteen traits related to leaf anatomy and
productivity of well-watered plants and plants submitted to drought conditions. Since the
variables have different units, they were scaled to have a variance of 1 and a mean of 0 by
subtracting the mean and dividing by the Sq4, using the standardized method in GraphPad
Prizm 9. PCA analysis was carried out using the GraphPad Prizm 9. The generated data were
submitted to analysis of variance (ANOVA) and the means were compared using Tukey and
Sidak's multiple comparison tests (p < 0.05). All statistical analyzes were performed using

GraphPad Prism software (GraphPad Software Inc., San Diego CA, USA).
RESULTS
The double introgression line is more drought resistant than M82

We confirmed the phenotype of thicker leaves in IL.2-5/4-3 by evaluating cross-
sections of leaflets grown under well-watered conditions. The mean leaf thickness of 1L2-5/4-
3 was significantly greater than that observed in M82 (p-value = 0.002) (Fig. 1 B). The
palisade and spongy parenchyma of IL.2-5/4-3 were significantly larger than the respective
tissues observed in M82 (Fig. 1E and F). Combined with the increment observed in the tissues
that make up the leaf mesophyll, IL.2-5/4-3 also increased the thickness of the adaxial and
abaxial epidermis (Fig. 1C and D).

To better understand how the foliar traits of the IL2-5/4-3 line can influence the
performance of tomato plants under drought conditions, we conducted a new experiment
comparing it to the cv. M82. On the third day of deficit imposition, M82 plants under drought
showed significant reductions in A (31%) and g, (40%) (Fig. 2B and C). On the other hand, on
that same day, IL2-5/4-3 maintained A and g values similar to the values found in the M82
control plants. Seven days after the onset of drought M82 and 1L.2-5/4-3 showed reductions of
81% and 70% in A; 87% and 83% in g; and 81% and 77% in E, respectively, compared to the
control treatment (Fig. 2B, C, and D). On the tenth day, A was reduced to values close to zero
in both genotypes under drought conditions. However, less negative values of ‘P, were
observed in IL2-5/4-3 at this point, showing that this genotype would take longer to reach ‘¥,
to values close to those observed in M82 in drought (Fig. 2G). Three days after the
resumption of irrigation, both genotypes presented A and g equivalent to controls. However,

E recovery after the resumption of irrigation was observed only in IL2-5/4-3 (Fig. 2D).
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The ten days of drought significantly reduced the maximum quantum yield of PSII
(Fy/Fn) in M82 to 0.67 (p-value < 0.0001), which indicates the occurrence of significant
damage to the photosynthetic apparatus (Fig. 2E). However, even subjected to a severe water
condition, but less negative compared to M82, I1.2-5/4-3 maintained the F,/Fy, around 0.8 on
the tenth day of drought (Fig. 2E). Similarly, [L.2-5/4-3 also did not show significant
reductions in the SPAD total chlorophyll index in response to drought. M82, on the other
hand, presented significant reductions in the total chlorophyll index from the fifth day of

drought, which remained low even after the resumption of irrigation (Fig. 2F).
The contribution of the parental ILs to drought responses

To explore the specific contributions of each introgressed S. pennellii genome
segment, the parental lines IL2-5 and IL4-3 were evaluated in a second drought experiment.
In general, ILs showed a behavior of greater drought tolerance compared to M82, with
significant delays in wilting (Fig. S1), delay in the decrease of gas exchange, and ETR, in
addition to improvement in water condition being observed in ILs (Fig. 3). It is noteworthy
that, despite their more tolerant behavior, these lines also showed decreases in water status
and gas exchange. In the first gas exchange measurements, taken before irrigation suspension,
we observed a significant increase in A of IL2-5 relative to the other genotypes (Fig. 3A).
After four days of drought, both ILs maintained A higher than M82, however, on the sixth
day, only 1L2-5/4-3 showed A higher than M82. After four days of recovery (16 days after
treatment (DAT)), [L.2-5/4-3 showed higher A than the other genotypes (Fig. 3A).

We observed that, compared to M82 and the parental ILs, IL.2-5/4-3 recovers A faster
after going through a severe period of water deficit. Recovery of A to levels close to the
control was not observed in both genotypes (Fig. 3A). After four days of drought, IL4-3 and
IL2-5/4-3 stood out in relation to g, maintenance, showing the lowest rates of stomatal
resistance compared to IL2-5 and M82. IL2-5/4-3 showed higher g and faster recovery after
being rehydrated, being also able to recover g at the level of control treatments. However,
among the parental ILs, the lowest capacity for gas recovery was observed in IL2-5 (Fig. 3B).
The E rates of the genotypes followed the same behavior observed for g, which was to be
expected since g; is the parameter that most influences water loss through leaves (Fig. 3C).

In the control condition, the highest ETR values were observed in IL2-5 and 1L2-5/4-3
lines. Under drought, the IL2-5 and IL2-5/4-3 lines maintained higher ETR values compared
to M82 even after four days without irrigation, whereas six DAT, both ILs showed higher
ETR values than M82. After four days of rehydration, the highest ETR values were observed
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in IL.2-5/4-3. On the sixth day of recovery (DAT 18) the ETR values of plants subjected to
drought showed differences (Fig. 3D). At some points throughout the drought, we found that
ILs lost water at slower rates compared to M82.

To understand the contribution of each of the ILs in this behavior, we carried out point
measurements of RWC and Y¥,, over 12 days of drought and after the resumption of irrigation.
All genotypes reached ¥y, around -2 Mpa on the last day of drought (DAT 12) (Fig. 3E and
H). However, 1L4-3 and IL2-5/4-3 managed to keep Py, values less negative than M82 until
DAT 12 in pd, and up to DAT 6 in md. Significant differences between the pd ¥y, and md ¥y,
of the parental ILs were also observed throughout the drought. The pd ¥, of IL4-3 was higher
than that observed in IL2-5 in DAT 9, and the same behavior was observed in pd ¥y, of DAT
6 and in md ¥, of DAT 4. Six days after the start of recovery, all genotypes reached pd ‘¥,

equivalent to the control treatment. This behavior suggests that the different g, recovery

capacities, which occurred among the genotypes, may be linked to differences in the
production capacity and degradation of ABA. [L4-3 and IL2-5/4-3 showed pd RWC higher
than IL2-5 and M82 six DAT under dry conditions. After 9 days of drought, both ILs
presented RWC pd higher than M82. In DAT 12, only parental ILs showed pd RWC higher
than M82 in the drought conditions. All genotypes showed pd RWC similar to the control on
the last day of recovery (DAT 18). Until the sixth day of drought, the highest values of md
RWC were observed in IL4-3. From DAT 9, 1L4-3 continued to maintain md RWC higher
than M82, being also significantly higher in relation to the other ILs evaluated. At this point,
the md RWC values were also higher in 1L2-5/4-3 compared to M82. However, no significant
differences were observed between IL2-5 and M82. At DAT 12, even reaching very negative
pd ¥, for tomato plants, the RWC of ILs did not reach valuesmuch lower than 50%. On the
other hand, the lower RWC in M82 showed that drought drastically affected its water holding
capacity (Fig. 3 G).

Growth and productivity parameters are differentially affected in ILs

Next, we sought to understand how IL2-5 and IL4-3 introgressions affect the
phenotype and productivity of plants under optimal conditions and in the absence of
irrigation. Even under well-irrigated conditions, significant differences in dry matter
production were observed between ILs, as well as between ILs and M82 (Fig. 4A, B, C, and
D). Comparing the isolated effect of the control treatment between the genotypes, I1L2-5
showed a dry mass of leaves, stems, roots, and total dry mass similar to M82. In relation to

the other ILs, both the leaf dry mass and the total dry mass of IL2-5 were significantly higher
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compared to the IL4-3 and 11.2-5/4-3 lines. Unlike 1L.2-5, IL.4-3 had lower root dry mass, as
well as lower total dry mass, compared to M82 under irrigated conditions. The dry mass of
leaves, stem, and total was higher in IL2-5 compared to IL4-3 in the same condition. IL2-5/4-
3 had the lowest leaf mass, which was significantly lower compared to IL.2-5 and M82.

Under irrigated conditions, 11.4-3 showed the lowest investment in root dry mass
among the genotypes (Fig. 4C). Compared to M82 and IL2-5, IL2-5/4-3 was the genotype
with the lowest total dry mass, however, differences between 1L4-3 and IL.2-5/4-3 were not
observed (Fig. 4D). Under drought, 1L.2-5/4-3 significantly increased its root dry mass
compared to other genotypes, also increasing the root/shoot ratio and root volume (Fig. 4C, E,
and F). IL4-3 and IL2-5/4-3 showed the same total leaf area under irrigated conditions but
were significantly smaller compared to M82 (Fig. 4G). IL2-5, on the other hand, had
intermediate values, which were compared to both the other ILs and M82 (Fig. 4G). Under
drought, no change in leaf area was observed between genotypes (Fig. 4G). IL2-5 showed the
highest LMA values in both control and drought treatments (Fig. 4H). We verified that
drought negatively affected the total dry mass production of both genotypes (Fig. 4D).
However, 11.4-3 and IL2-5/4-3 lines showed equal root volume and total leaf area,

respectively, between control and dry treatments (Fig. 4F and G).
Natural genetic variation affects leaf architecture and productivity in tomatoes.

We explored the contribution of each parental ILs to altered leaf morphology, as well
as the occurrence of phenotypic plasticity, using leaflets from drought-acclimated plants (Fig.
5). IL2-5/4-3 maintained the greatest leaf thickness compared to M82, however, thickness of
the leaves of either IL2-5 or IL4-3 were similar to M82 (Fig. 5C). Because of this, we also
used the method described by Vile et., al (2005) (supplemental Fig. S2) to provide an
integrated measurement of leaf thickness using live tissue. Through this method, we observed
that, regardless of the water condition, both ILs had thicker leaflets than M82. Except for the
adaxial S4 of IL4-3, the means of the dry and control treatments in the other parameters,
within each IL, did not show statistical differences (Fig 5. D, E, H, and I). On the other hand,
we observed a significant increase in adaxial and abaxial Sq of cv. M82 in the drought, with
the lowest IAS and SWC observed in this treatment (Fig 5. D, E, 1, and J).

In the drought condition, IL2-5/4-3 significantly increased the number of vessel
elements (Fig. 6B). Both genotypes reduced the mean diameter of vessel elements when

subjected to drought (Fig. 6C). However, in the control condition, the largest vessel element
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diameter was observed in 1L4-3, which corroborated the highest K; values observed for this
genotype (Fig. 6C and E).

After 40 days of acclimation to 60% of soil field capacity, we analyzed the effect of
drought on the fruit production capacity of each of the ILs (Fig. 7). In the irrigated condition,
IL2-5 had a smaller number of fruits among the ILs, as well as fruits with lower weight and
lower H; compared to the other genotypes (Fig. 7). On the other hand, 1L4-3 and IL2-5/4-3
achieved fruit yield rates equivalent to M82 (Fig. 7C and D) under irrigated conditions, also
significantly increasing the number of fruits in relation to M82 (Fig. 7B). Under drought
conditions, the largest number of fruits produced were observed in the 1L.4-3 and 1L.2-5/4-3
lines, with the smallest numbers observed in IL2-5 and M82, respectively. IL4-3 stood out in
relation to the other genotypes, presenting a higher individual fruit weight, as well as a higher
H; under drought conditions. However, both fruit yield parameters were significantly reduced

by drought in M82 (Fig. 7A, B, and C).
Relationship between structural, physiological, and productive traits

We performed a PCA using the data from drought acclimated plants to identify the
variables that contributed most to the differences in drought resistance between genotypes
(Fig. 8). The drought and control treatments were well separated by the first main component
(PCA 1), which explained 48.53% of the variation. PCA 2 was responsible for 16.18% of the
variation and more effectively separated the evaluated genotypes (Fig. 8). The V4 and S, had a
strong positive correlation with PC1, with M82 in the dry condition the main responsible for
this behavior. On the other hand, anatomical leaf thickness, root/shoot ratio, and SWC had a
strong positive correlation with PC2. The distribution of genotypes along PC2 showed that
IL2-5/4-3 was the line that most positively contributed to the correlation between the
aforementioned traits and PC2. The alignment between the SWC vectors and the H; indicates
a strong correlation between these traits.

PCA also showed that conservative traits related to drought tolerance (SWC, leaf
thickness, root/shoot) were negatively correlated with Sq and V4 (Fig. 8). On the other hand,
negative correlations between Sy4 and IAS were also found, indicating that a probable increase
in stomatal limitation by S4 can be compensated with more IAS increasing CO, diffusion in
the mesophyll. The right angle between LMA and L indicates a null correlation between
these traits. In addition to influencing drought tolerance, SWC, L, and Root/Shoot were the
traits that most positively correlated with fruit yield in PC2. However, H; contributed more

effectively (31.6%) to PC3, which explained 11.11% of the total variation (Table S1 and S3).
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ILs show increased photosynthesis-related parameters

Given the significant anatomical changes observed in the ILs, A/C., A/PPFD, ETR/ C.,
and ETR/PPFD curves were performed to characterize the photosynthetic efficiency of the
plants (Fig. 9). Relative to cv. M82, the ILs studied here were able to achieve higher A and
higher ETR when exposed to elevated CO; pressures in the chloroplast (Fig. 9A and B).
Parental ILs showed a contrasting photosynthesis behavior in response to light, where the A
values observed in IL4-3 were lower compared to IL2-5 and IL2-5/4-3 at 1000 umol m™ s of
PPFD (Fig. 9C). Significant ETR reductions in IL4-3 and M82, in relation to the other ILs,
were observed from 800 umol m~ s of PPFD (Fig. 9D). IL2-5/4-3 stood out among the other
genotypes, being able to perform higher A and ETR when subjected to high concentrations of
CO, and light. Such behavior makes it clear that the interaction between traits from IL2-5 and
IL4-3 also improves the photosynthetic activity of tomato plants. Regarding the A/PPFD
curve, no differences in compensation point and saturation were observed between genotypes
(Supplementary Tab. S4).

Since anatomical changes in the leaf can directly influence the ability to carry out gas
exchange, we also estimated leaf limitations using parameters obtained from A/C. curves.
Table 1 shows the data collected in the ambient concentration of CO, (400 ppm). Values of p
> 0.05 showed that there was no significant change in gas exchange parameters and leaf
limitations between genotypes. Although we did not find significant differences in Iy, the
lower C. /C; ratio observed in IL2-5 may reveal a significant improvement in biochemical
activity. Under well-irrigated conditions and under saturating light, we noticed that both ILs
contributed to increasing the biochemical parameters of Rubisco activity, Vemax, Jmax, as well

as TPU on a C, basis.
Influences of 1L2-5 and ILA4-3 on leaf hydraulics

The leaf anatomical traits observed in ILs are commonly correlated with significant
changes in hydraulic transport (Li et al., 2021). Thus, we compared the hydraulic traits of the
genotypes using leaflets from well-watered plants. 1L4-3 leaflets are more voluminous and
were able to maintain a higher SWC per mass unit compared to other genotypes (Table 2).
The SWC, volume, and density of IL2-5 leaflets were similar to M82. Thus, we noticed that
the combination of the two lines in IL2-5/4-3 resulted in leaflets with greater volume and

reduced density compared to M82. As seen in Fig. 5, IL4-3 showed higher K; than the other
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genotypes. However, the Kjc,s of 1L4-3 showed no differences compared to cv. M82 and 1L.2-
5, but it was lower compared to 1L.2-5/4-3 (Table 2).

Relative losses in leaf rehydration capacity (PLRC) were compared between
genotypes (Supplementary Fig. S4). We noted that the decline in RWC strongly increased the
PLRC of both genotypes evaluated. A 10% PLRC was only observed when the RWC reached
values below 60%. The mean RWC values that induced losses of 10, 20, and 50% of the
rehydration capacity, for both genotypes, were around 60%, 50%, and 31%, respectively.
However, the leaflets of the different genotypes have similar PLRC (Supplementary Fig. S4).
This may indicate that the alterations generated by ILs in leaf architecture did not compromise
their rehydration capacity.

Pressure-volume (PV) curves were also measured in leaflets grown under well-
watered conditions (Supplementary Fig. S5). Most of the parameters quantified through the
PV curve did not show differences between the genotypes, with the exception of the modulus
of elasticity (g). IL4-3 showed significant reductions in & compared to IL2-5, but it was
similar to IL2-5/4-3 and M82. IL2-5/4-3, in particular, had the most robust root system among
the ILs under drought conditions (Fig. 6). Thus, the root system of the 1L.2-5/4-3 may have

served as a buffer, helping to maintain the water status and, possibly, recovery after drought.

DISCUSSION

Most studies involving ILs of S. pen have focused on yield and fruit traits (Lippman et
al., 2007; Calafiore et al., 2019). On the other hand, few papers offer approaches on the wide
range of leaf phenotypes of S. pen ILs and their benefits for developing abiotic stress-resistant
varieties (Chitwood et al., 2013; Coneva et al., 2017). S. pen has leaves that respond rapidly
to variations in air humidity and can withstand desiccation under extremely arid conditions
(Egea et al., 2018). Thus, its enhanced drought resistance ability can be attributed mainly to
changes in the anatomy and morphology of its leaves (Kebede et al., 1994; Egea et al., 2018).
Through the characterization of ILs of S. pen, we sought to elucidate which key leaf traits
confer resistance to water deficit in tomato plants. In this work, we sought to understand, by
analyzing anatomical, physiological and hydraulic parameters, how changes in leaf thickness,
LMA, as well as vein and stomatal density can influence the drought performance of tomato
plants. Here, we also seek to provide concise information on how increasing leaf succulence
in tomato can affect its ability to resist drought. The ability to store water in tissues to mitigate
the effects of drought plays a prominent role among the most successful plant adaptations

(Eggli and Nyffeler, 2009). When storage occurs in photosynthetic cells, this adaptation is
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called cell succulence, which is associated with increased cell size and relative vacuole
volume (Gibson, 1982; Willert et al., 1992). The imposition of succulence in plants is also a
key step towards the introduction of CAM metabolism in cultivated plants; for this, it is
essential to discover a functional leaf anatomical system that presents traits such as increased
thickness and larger volume (Males, 2017). However, succulence has received little attention
in the process of developing plant varieties resistant to drought conditions, and few studies
have addressed increasing succulence by manipulating leaf tissue anatomy (Han et al., 2013;

Lim et al., 2020).

Leaf succulence in IL of S. pen as a drought avoidance strategy

The turgor maintenance capacity and drought resistance observed in IL.2-5/4-3
demonstrate the important role of S. pen in the improvement of cultivated tomato plants. The
absence of photoinhibitory damage to the photosynthetic apparatus observed in IL2-5/4-3
demonstrates its greater ability to resist drought (Mishra et al., 2012). The fact that we
observed significant delays in leaf wilting, only in IL, can be explained by the maintenance of
less negative potentials and higher % RWC exhibited by them during drought. The greater
leaf thickness of IL2-5/4-3 (Coneva et al., 2017), and showed that this IL exhibits increased
thickness of the mesophyll and epidermal tissues. Later, we saw that the alteration of these
leaf traits in this line may be linked to the expressive increase in leaf succulence and reduced
stomatal density.

The ability of succulent plants to store water in living tissues to avoid drought is
among the most successful adaptations in the plant kingdom (Lim ez al., 2020). Naturally,
succulence has ensured the survival of many species to drought in arid, semi-arid regions and
in epiphytic environments around the world (Ogburn and Edwards, 2010; Grace, 2019).
However, the beneficial effect of succulence on drought avoidance has also been projected in
model species through transgenic breeding (Lim et al., 2020). The increased leat SWC of the
ILs studied here corroborates with the enhanced drought avoidance ability exhibited by them.
The manifestation of leaf succulence only in IL2-5, 1L4-3, and IL2-5/4-3 provide evidence
that we can improve leaf traits that confer drought avoidance through natural genetic
variation, and the introgressions studied here are a likely venue for such a search.

Increasing ploidy levels have been associated with increased leaf thickness, tissues
comprising the mesophyll and epidermis, and leaf trichomes, leading to greater resistance to
water deficit (Li et al., 2009). Consistently, the increased leaf thickness observed in 1L.2-5/4-3

were also associated with increased ploidy levels (Coneva et al., 2017). Succulent plant
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tissues are based on anatomical adaptations that enable plants to be temporarily independent
of external water supply (Ogburn and Edwards, 2010). In this work, the increase in leaf
thickness was primarily responsible for the increase in succulence, as they were strongly
correlated by the same axis of the PCA (PC2). Succulence can increase RWC, under acute
and chronic drought conditions, due to increased water-holding capacity per unit leaf area. In
addition, reductions in whole-plant water loss rates, as well as in detached leaves, can be
observed in plants with succulent leaves (Lim et al., 2020).

The leaf succulence displayed by IL may also explain their higher leaf RWC and Y,
as well as their ability to maintain gas exchange longer after being subjected to drought
(Nobel, 2006). The arrangement of cells that make up the leaf mesophyll of succulent plants
can significantly influence g, (Ripley et al., 2013). However, the greater leaf succulence
demonstrated here came accompanied by increased IAS in the drought, which may have
enabled better exposure of chloroplasts to intercellular CO,, increasing diffusion (Tomas et
al., 2013). Succulence per leaf area base increased in all ILs in the drought (Fig. 5J), but the
same behavior was not observed when this comparison was performed in well-watered
conditions per mass base (Tab. 2). The data also suggest that the S. pen segments present in
IL2-5 and ILA4-3 harbor genes responsible for leaf anatomical changes related to adaptation
and avoidance to drought, such as SWC. Differences in leaf SWC, make it clear that ILs have
a greater capacity for leaf hydration by area basis and that, unlike M82, the applied water

deficit did not change the degree of leaf succulence of its leaves (Fig. 5J).

Improving water status and gas exchange during drought using leaf anatomical traits of S. pen
lines

Changes in leaf architecture and stomatal density can enhance photosynthetic
efficiency and drought resistance in tomato (Fullana-Pericas et al., 2017; Ren et al., 2019).
However, the molecular mechanisms controlling these traits are still poorly understood
(Batista-Silva et al., 2020). Leaf architecture is a complex genetic trait that is greatly
influenced by environmental factors such as water availability, temperature, and light (Carins
Murphy et al., 2012, 2014). Elongation of palisade parenchyma cells has been shown to
contribute significantly to greater leaf thickness in 1L.2-5/4-3 (Coneva et al., 2017). This may
have significantly benefited carbon assimilation since elongation of the palisade parenchyma
increases the contact area with the intercellular airspace (Terashima et al., 2011). Changes in
leaf architecture can come accompanied by a consequent increase in LMA and can generate

great influence on the capacity for CO, interception and fixation (Flexas et al., 2014;
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Peguero-Pina et al., 2017). However, even though IL2-5 showed a significant increase in
LMA, compared to the other IL and cv. M82, greater resistance to CO, diffusion did not
observe.

Water deficit reduces gas exchange, PSII efficiency, and also negatively regulates
several photosynthesis-related genes in cv. M82 (lovieno et al., 2016b). In the first
experiment, critical levels of ¥y, reduced leaf gas exchange in cv. M82 and IL2-5/4-3 to near-
zero values on the tenth day of drought. However, damage to the photosynthetic apparatus
and degradation of total chlorophylls were observed only in cv. M82 subjected to drought.
Reduced synthesis of the photosynthetic machinery components under water deficit (Iovieno
et al., 2016b) may have significantly contributed to the reduction of F,/F,, values and
occurrence of dynamic photoinhibition in M82 (Adams et al., 2013). The absence of
photoinhibition and chlorophyll degradation in IL2-5/4-3 corroborates its greater ability to
maintain leaf water status, which ensured that the integrity of the photosynthetic machinery
was maintained (Mishra et al., 2012; Iovieno ef al., 2016b).

Recovery of gas exchange after the resumption of irrigation is an important step for
understanding the effects of drought (Chen et al., 2016). Photosynthetic rates, F,/F,, and leaf
Y, (pd and md) were recovered on the third day after the resumption of irrigation, however,
both M82 and IL.2-5/4-3 still had low g and E values. Mishra et al. (2012) demonstrated that
the F\/Fy, variable can be a potential tool for monitoring and quantifying drought resistance in
tomato plants. Corroborating with this statement, our data indicate that the anatomy of IL2-
5/4-3 may enable significant improvements in drought resistance capacity.

Light and CO, are the main external factors that limit photosynthesis in plants.
However, maximum utilization of these resources can be achieved by altering leaf anatomy
(Ren et al., 2019). In this work, we showed that the greater leaf thickness of IL resulted in a
consequent increase in chlorophyllated tissues, as well as increased exposure of cells in this
tissue to CO,. The ability of IL, especially if dealing with 1L2-5/4-3, to perform greater
photosynthesis and electron transport was enhanced by this anatomical condition. The
changes in leaf morphology of IL2-5, IL4-3, and IL2-5/4-3, also contributed significantly to
the increase in Ve, and Jiay, since these variables increased significantly in these lines under
high CO, conditions. The higher Ve, values may indicate increased Rubisco concentration
and greater nitrogen allocation in the leaves of the IL.2-5, [L.4-3, and I1.2-5/4-3 lines (Centritto
and Jarvis, 1999). Furthermore, the high ETR and J.x rates of these IL may indicate an
enhanced capacity for regeneration of ribulose 1,5 bisphosphate carboxylase oxygenase

(RuBisCO) (Lana-Costa et al., 2020b). Thus, the photosynthetic variation of IL can be
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explained by both anatomical changes and differences in the biochemical capacity of
RuBisCO, Vcmax, and Jmax.

Changes in g5 and g, as well as changes in stomatal density during drought, can lead
to significant increases in intrinsic WUE (Galmés et al., 2013; Lana-Costa et al., 20200).
Normally, an increase in photosynthesis requires a coordinated increase in g with a
consequent increase in E and a reduction in WUE (Condon, 2004). However, anatomical
modifications that enable higher g, and higher biochemical activity can increase
photosynthesis enabling higher WUE (Muir et al., 2017). M82 and IL have amphi-
hypostomatic leaves, with the greatest amount of stomatal cells being located on the abaxial
face. Except for M82, both IL showed reduced stomatal densities, mainly, on the abaxial face
under drought conditions. This leaf trait has been associated with higher WUE in its wild
relative S. pen (Egea et al., 2018). We observed that despite the reduced stomatal density,
under well-watered conditions, the IL studied here did not differ from cv. M82 in terms of
WUE. However, the reduced stomatal density may explain the better performance of the IL
during drought.

Water deficit can lead to significant increases in the root/shoot ratio, with root growth
benefiting to the detriment of plant shoots as a strategy to search for water (Poorter et al.,
2012). In this work, I1L.2-5/4-3 showed significant increases in dry mass and root volume,
considerably increasing the root/part ratio after undergoing a period of soil water deficit. This
specific alteration may have served as a buffer improving the resistance of this genotype to
drought and, combined with greater succulence and reduced stomatal density, may be related
to its greater ability to recover after stress.

IL2-5 and IL4-3 lines have significantly increased the expression of genes related to
leaf development and desiccation resistance (Coneva et al., 2017). A smaller leaf area may
enable greater water saving and reduction of the water potential gradient between leaves and
roots. Moreover, unlike stomatal closure, reduced leaf area may function as a strategy for
reducing heat stress (Tardieu et al., 2018). In the second experiment, we observed that M§82
has a significantly higher total leaf area than IL2-5/4-3. We saw that the smaller total leaf area
is a characteristic phenotype of IL4-3 and IL2-5/4-3 only, with no differences observed
between IL2-5 and cv. M82 under well-watered conditions. This phenotype, coupled with
higher leaf succulence, may explain both the delayed wilting and the higher desiccation
resistance shown by 1L.2-5/4-3 in the first experiment. On the other hand, we observed that the
rate of leaf expansion was not significantly affected among the genotypes after the imposition

of the water deficit.
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In this work, no significant differences were found in the ability of IL to perform gas
exchange in ambient CO, concentration. Our results showed that intrinsic changes in leaf
architecture in tomato plants grown under well-irrigated conditions do not limit gas exchange.
However, when we increased CO, partial pressures, IL significantly increased photosynthetic
rates, which may be an interesting feature in times of global climate change (Gornall et al.,

2010).

Leaf traits of IL.2-5 and IL4-3 as a basis for increasing resilience and maintaining productivity
under drought conditions

CO, diffusion between the atmosphere and chloroplasts, via stomata and the leaf
mesophyll, has a great influence on photosynthetic rates (Flexas et al., 2018). However,
intrinsic photosynthesis can vary widely among C3 species, and both CO, diffusion and
biochemical capacity of the leaf can be worked out in search of the best performance and
fitness of plants to different environments and growing conditions (Muir et al., 2017). For
example, compensatory alteration of stomatal density to inhibit the rapid diffusion of CO, and
benefit the water economy has shown good results in improving the drought resistance of
some species (Hughes et al., 2017; Lim et al., 2020). Our work demonstrated that the
survivability of tomato plants to drought stress can be altered at the leaf level through
anatomical modifications without compromising CO, diffusion.

The variation in leaf traits was explained by more than one axis of the PCA, overall,
this indicates that there was weak coordination among the anatomical, physiological, and
productive traits evaluated in this work (Muir et al., 2017). The adaptive anatomical traits
observed in this work such as SWC and L; may help in the development of varieties that are
more tolerant to abiotic stressors such as drought (Ogburn and Edwards, 2010; Chitwood et
al., 2013). For example, by modifying SWC we can improve the cultivation of tomato plants
in arid regions, as well as the ability to grow them by people with lower purchasing power.
The other leaf anatomical traits observed in IL2-5 and ILA4-3, associated with their higher
photosynthetic capacity, can ensure higher productivity, for example, in greenhouse
cultivation with high CO,. PCA showed that there are significant differences between IL and
cv. M82 mainly in drought. In this condition, IL2-5 and IL4-3 share traits that, added together
in a single IL2-5/4-3 individual, may further increase resistance to water deficit. PCA
revealed the leaf anatomical traits that contributed the most to the variation between IL and

cv. M82 were stomata and vein density, as well as leaf thickness and succulence.
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It is noteworthy that the future use of sublines containing smaller chromosomal
segments of IL2-5 and IL4-3 may provide a more accurate characterization of the contribution
of these leaf traits. Here, we saw that the larger LMA of IL2-5 segregates in concert with
higher leaf complexity and greater leaflet serration. On the other hand, leaf succulence,
although seen in IL2-5 under drought conditions, was shown to be a phenotype more
associated with leaves lower complexity and less serrated leaflets, as in the case of IL4-3 and
IL2-5/4-3. IL2-5 shows differential expression of about 400 genes when subjected to water
deficit, and its gene expression profile is very similar to S. pen (Gong et al., 2010). Currently,
IL2-5 has dispersed the interest of researchers due to its higher biochemical capacity, which
can increase photosynthetic rates by up to 20% compared to cv. M82 under conditions of high
atmospheric CO, (Lana-Costa et al., 2020b). Elevating photosynthetic rates along with
improved drought survivability, are indispensable traits in times of climate-changing and
increased demand for food (Ren et al., 2019; Leng and Hall, 2019). Thus, characterization and
mapping of the genes contained in IL2-5 and IL4-3 may provide significant improvements for
tomato cultivation in the future.

An agronomic determinant of IL2-5 is its low intrinsic fruit yield. Thus, the reduction
in fruit dry mass and Hi of 1L2-5/4-3 relative to its IL4-3 parent in drought may have been
caused by the action of dominant genes contained in IL2-5. However, the interaction between
IL4-3 and IL2-5 resulted in additive effects that enabled 1L2-5/4-3 to manifest yields
comparable to cv. M82 when well-watered. It is worth noting that when subjected to drought,
IL4-3 was able to maintain Hi, individual fresh mass, and fruit numbers superior to cv. M82.
Our data suggest that this greater productive capacity observed in IL4-3 was passed on to IL.2-
5/4-3, which improved the productive fruit yield of this genotype in both control and drought

treatments.

CONCLUSION

We show that dissection of the genetic basis of drought resistance can be achieved
through the analysis of natural genetic variation. In this work, we proved that leaf traits
contained in IL2-5 and IL4-3 can alter leaf thickness and succulence, and that such changes
can mitigate the effects caused by water deficit in tomato plants. The anatomical changes
contained in these ILs made it possible to maintain leaf water status, contributed to better
photosynthetic performance, and improved the resilience of plants subjected to drought. In
this work, we demonstrated that the increased drought resistance observed in IL2-5/4-3

occurred due to the combined effect of changes in leaf anatomy, associated with a reduction
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in total leaf area and an increase in root system. Our data showed that increased thickness and
LMA, as well as reduced stomatal density, did not alter CO, diffusion in IL2-5/4-3 and IL2-5,
respectively. The independent segregation of morphological and anatomical characteristics
observed in S. pen IL may enable the identification of important leaf traits to improve tomato
resistance to drought conditions. Because they do not affect leaf resistance to CO, diffusion in
tomato, we believe that we can work simultaneously, or in isolation, on several leaf
anatomical traits that confer drought resistance, including reducing their impact on
productivity. Finally, we suggest the existence of S. pen genes responsible for changes in leaf
traits that may improve the resistance of commercial tomato to water deficit conditions.
However, future work is needed to identify the genes responsible for the behaviors

demonstrated here.
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TABLES

Table 1: Photosynthetic characterization of M82, IL 2-5, IL 4-3, and IL 2-5/4-3 grown under
control conditions. General photosynthetic limitations associated with stomatal, mesophilic,
and biochemical factors are also shown below. Data are the mean and standard error of five
replicates. Significant differences according to ANOVA are shown in p-values in bold.
Different letters indicate significant differences according to Tukey's test (p < 0.05).
Abbreviations: net photosynthesis (A); stomatal conductance (g); mesophyll conductance to
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CO, estimated according to the Harley (gm), transpiration (E); chloroplastic CO,
concentration (C.); substomatal CO, concentration (C;); maximum carboxylation capacity
(Vemax); maximum capacity for electron transport rate (Jmax); use of triose phosphate (7PU);

dark respiration (Rgarx).

Parameters M82 IL2-5 IL 4-3 IL 2-5/4-3 o)

A (umol CO, m?s™) 22+1.6 23.05+0.64  2356+1.15 2522+0.89 028
gs (mol H,O m?s™) 0.57 +0.05 0.58 +0.08 0.54 +0.04 0.52 +0.01 0.87
gm(mol CO, m?s™) 0.15+0.017  0.14+0.008 0.16 +0.01 0.17 +0.01 0.19
9/gs (Mol CO, mol™" COy) 0.48 +0.05 0.47 +0.07 0.54 +0.05 0.59 +0.02 0.22
E (mmol H,O0 m?s™) 423 +0.46 462 +0.34 4714035 4.33 +0.31 0.68
C4/Ci(umol CO, umol" CO,) 0.53+0.018a 046+0.014b 052+0.012ab 0.51+0.01ab  0.02
R gar (umol CO, m?s™) 120+0.05b 1.41+0.04b  132+0.09b 179+0.09a  0.001
Vemax co (WMol CO,m?s™)  1435+6.39b 180.2+297a 171.2+554a 1829+6.27a 0.0004
Jmax_co (LMol CO, m?s™) 181.3+656b 2139+438a 207.3+231a  228+6.66a  0.0001
TPU ¢ (umol CO, m?s™) 105+044c 123+047b 12+0.29b 138+058a  0.001
Is 0.19+0.01 0.19+0.02 0.21+0.014 022+0.003  0.34
Im 0.46 +0.03 0.50 +0.02 0.43+0.015 0.44 +0.01 0.09
Ib 0.33+0.02  0.29 +0.003 0.35 +0.01 0.32+0.008  0.18

Table 2: Hydraulic parameters in apical leaflets of the fifth leaf in well-watered plants. The
significance of the ANOVA is highlighted in bold. Lowercase letters compare means that
differ between genotypes according to the Tukey test (p <0.05). Data are the mean and
standard error of seven replicates. Abbreviations: saturated water content based on mass

(SWCO); leaf hydraulic conductance (K.,

¢); minimum leaf conductance (g_. ).

Parameters M82 IL2-5 IL4-3 IL2-5/4-3 P
SWC (gg ) 96+027b 94+032b 109+021a 97+0.16b  0.0005
Volume (cm ) 266+021c 3+028bc 4.24+042a 35+025ab 0.0003
Leaf density (g cm’) 0.70£0.03a 0.59+0.03ab 0.58+0.02b 0.57+0.01b 0.03
Ko (mmolH,O0m’ s MPa) 7g8:08ab 77+06ab 72:02b 98:04a  0.03
Gpn(MMOIH,Om s MPa) 75+037  73£043  83:044 694031 047
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FIGURES LEGENDS

Figure 1: 11.2-5/4-3 has greater leaf thickness compared to cv. M82. (A) Representative
images of cross-sections of M82 and IL 2-5/4-3 leaflets of the fifth leaf at 93 DAG. (B) Leaf
thickness, (C) adaxial and (D) abaxial epidermis, (E) palisade and, (F) spongy parenchyma.
Columns and bars represent the mean and standard error of the mean (n = 5). Significant
differences between genotypes are represented by the p-value according to the t-test (p <
0.05). Abbreviations: palisade parenchyma (PP); spongy parenchyma (SP); epidermis (Ep);
intercellular airspaces (IAS).

Figure 2: 112-5/4-3 can maintain gas exchange for longer and prevent photoinhibition and
chlorophyll degradation under drought. (A) Representative images of M82 and IL2-3 5/4-3
after 10 days (82-DAG) of water deficit and three days (85-DAG) after the 4 resumption of
irrigation (recovery). (B) Net photosynthesis, (C) stomatal conductance, (D) transpiration, (E)
PSII maximum quantum yield, (F) SPAD chlorophyll index performed in apical leaflets of the
fifth leaf, and (G) pre-dawn water potential quantified in fully expanded fourth leaf leaflets
from base to apex. The light blue band represents the plant's rehydration period (started on
day 10 after the start of the drought treatment (DAT)). Asterisks indicate significant
differences between genotypes in the dry condition in each DAT isolated according to the
Tukey test (p < 0.05). Values represent the mean and standard error of the mean (n = 5).

Figure 3: S. pennelli 1Ls can delay the decrease in gas exchange in response to drought and
improve the ability to recover from stress. (A) net photosynthesis, (B) stomatal conductance,
(C) transpiration, (D) electron transport rate, (E) water potential and (F) pre-dawn relative
water content, (G) water potential, and (H) midday relative water content. The gas exchange
parameters were performed on apical leaflets of the sixth leaf. The other parameters were
measured on leaflets of the fifth and fourth leaf. Asterisks indicate significant differences
between genotypes in the dry condition in each DAT isolated according to the Tukey test (p <
0.05). Values represent the mean and standard error of the mean (n = 6).

‘Figure 4: Dry mass and growth parameters of MS82, IL2-5, 1L4-3, and IL2-5/4-3 were
measured 63 days after germination (DAG). Values represent means and standard error (n =
6). Uppercase letters compare control treatments, and lowercase letters compare treatments
that experienced 12 days of drought according to Tukey's test (p < 0.05). Asterisks denote
statistical differences between the drought and control treatments within each isolated
genotype according to Sidak's multiple comparisons test (p < 0.05). Abbreviations: saturated
water content (SWC); leaf mass per area (LMA).

Figure 5: The anatomical changes in the ILs are accompanied by an expressive increase in
leaf succulence. (A) Representative images of leaf morphology traits of plants in control
conditions and (B) acclimatized to drought (60% of field capacity) for 40 days. (C) Leaf
thickness, (D and E) adaxial and abaxial stomatal density, (F) vein density, (G) stomatal pore
area index (calculated as (guard cell length)2 x stomatal density for the adaxial and abaxial
epidermes and then added up), (H) stomatal index (the proportion of stomatal to total cells in
the epidermis, expressed as percentage of total cells), (I) intercellular airspace, and (J)
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saturated water content. Analyzes were performed on apical leaflets of the seventh fully
developed leaf under moderate drought conditions at 93 DAG (n = 6). Stomata in the adaxial
and abaxial epidermis are highlighted. Uppercase letters compare control treatments and
lowercase letters compare drought treatments according to Tukey's test (p < 0.05). Asterisks
denote statistical differences between the drought and control treatments within each isolated
genotype according to Sidak's multiple comparisons test (p < 0.05).

Figure 6: Increased thickness and succulence can affect the diameter and number of vessels
in the xyllem. Xylem traits measured on the midrib. Values represent the mean and standard
error of (n = 6). Analyzes were performed on apical leaflets of the seventh fully developed
leaf under moderate drought conditions at 93 DAG. Uppercase letters compare control
treatments and lowercase letters compare drought treatments according to Tukey's test (p <
0.05). Asterisks denote statistical differences between the drought and control treatments
within each isolated genotype according to Sidak's multiple comparisons test (p < 0.05).
Abbreviations: theoretical hydraulic conductance (Kt).

Figure 7: (A) Representative images of fruit production in plants of the control treatment
(well-irrigated) and acclimatized to drought (60% of field capacity) for 40 days. (B, C and D)
Effects of drought in fruit productivity measured at 93 days after germination (DAG). Values
represent the means and standard error (n = 6). Uppercase letters compare control treatments
and lowercase letters compare drought treatments according to Tukey's test (p < 0.05).
Asterisks denote statistical differences between the drought and control treatments within
each isolated genotype according to Sidak's multiple comparisons test (p < 0.05).

Figure 8: Principal Component Analysis (PCA) biplot of M82, IL2-5, IL4-3 and IL2-5/4-3 (n
=4). PC1 (48.53%) and PC2 (16.18%) explain most of the variance found in 15 traits related
to physiology, leaf anatomy, and productivity of plants grown under control and drought
conditions. The length and direction of the arrows indicate the contribution of traits on the
two PCs shown. The angle between the vectors determines the degree of correlation between
traits. Aligned vectors indicate a high positive correlation between traits. Abbreviations:
saturated water content (SWC); leaf mass per area (LMA); intercellular air space (IAS);
maximum electron transport rate (ETR); relative water content (RWC); harvest index (H
index); net photosynthesis (A); diameter of midrib vessels (VD); stomatal density (SD).

Figure 9: Photosynthesis and electron transport rate (E7R) response curves to chloroplast
CO, concentrations (A/C.) and photon flux density (A/PPFD). (A) A/C., (B) ETR/C,, (C)
A/PPFD and (D) ETR/PPFD. Data show the mean and standard error of the mean of five
replicates. The curves were measured in fully expanded fifth leaf apical leaflets from base to
apex. The evaluations were carried out at 46 DAG. Asterisks denote statistical differences
between the genotype according to Tukey's test (p < 0.05)
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Figure 1: 1L2-5/4-3 has greater leaf thickness compared to cv. M82. (A) Representative
images of cross-sections of M82 and IL 2-5/4-3 leaflets of the fifth leaf at 93 DAG. (B) Leaf
thickness, (C) adaxial and (D) abaxial epidermis, (E) palisade and, (F) spongy parenchyma.
Columns and bars represent the mean and standard error of the mean (n = 5). Significant
differences between genotypes are represented by the p-value according to the t-test (p <
0.05). Abbreviations: palisade parenchyma (PP); spongy parenchyma (SP); epidermis (Ep);
intercellular airspaces (IAS).
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Figure 2: 112-5/4-3 can maintain gas exchange for longer and prevent photoinhibition and
chlorophyll degradation under drought. (A) Representative images of M82 and 1L2-3 5/4-3
after 10 days (82-DAG) of water deficit and three days (85-DAG) after the 4 resumption of
irrigation (recovery). (B) Net photosynthesis, (C) stomatal conductance, (D) transpiration, (E)
PSII maximum quantum yield, (F) SPAD chlorophyll index performed in apical leaflets of the
fifth leaf, and (G) pre-dawn water potential quantified in fully expanded fourth leaf leaflets
from base to apex. The light blue band represents the plant's rehydration period (started on
day 10 after the start of the drought treatment (DAT)). Asterisks indicate significant
differences between genotypes in the dry condition in each DAT isolated according to the
Tukey test (p < 0.05). Values represent the mean and standard error of the mean (n = 5).
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Figure 3: S. pennelli ILs can delay the decrease in gas exchange in response to drought and
improve the ability to recover from stress. (A) net photosynthesis, (B) stomatal conductance,
(C) transpiration, (D) electron transport rate, (E) water potential and (F) pre-dawn relative
water content, (G) water potential, and (H) midday relative water content. The gas exchange
parameters were performed on apical leaflets of the sixth leaf. The other parameters were
measured on leaflets of the fifth and fourth leaf. Asterisks indicate significant differences
between genotypes in the dry condition in each DAT isolated according to the Tukey test (p <
0.05). Values represent the mean and standard error of the mean (n = 6).
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Figure 4: Dry mass and growth parameters of M82, IL2-5, IL4-3, and 1L2-5/4-3 were
measured 63 days after germination (DAG). Values represent means and standard error (n =
6). Uppercase letters compare control treatments, and lowercase letters compare treatments
that experienced 12 days of drought according to Tukey's test (p < 0.05). Asterisks denote
statistical differences between the drought and control treatments within each isolated

genotype according to Sidék's multiple comparisons test (p < 0.05). Abbreviations: saturated

water content (SWC); leaf mass per area (LMA).



IL2-5 IL4-3 IL2-5/4-3

Leaf thickness (um)

CONTROL

SD adaxial (mm'z)
n 3 (=2

5004
4004

- N W
2 9 9
T 229

®
S o
1 1

=)
I

N

a

t=]
]

m
n
=3
=]

== Control ®= Drought

g b ABED g b

IL2-5

IL2-5

IL4-3 IL2-5/4-3

A

a

A

a

54

SD abaxial (mm™?)

IL2-5

IL4-3 1L2-5/4-3 IL2-5  IL4-3 1L2-5/4-3
4009 = J
AB a a

m
>
>
m

Figure 5: The anatomical changes in the ILs are accompanied by an expressive increase in
leaf succulence. (A) Representative images of leaf morphology traits of plants in control
conditions and (B) acclimatized to drought (60% of field capacity) for 40 days. (C) Leaf
thickness, (D and E) adaxial and abaxial stomatal density, (F) vein density, (G) stomatal pore
area index (calculated as (guard cell length)2 x stomatal density for the adaxial and abaxial
epidermes and then added up), (H) stomatal index (the proportion of stomatal to total cells in
the epidermis, expressed as percentage of total cells), (I) intercellular airspace, and (J)
saturated water content. Analyzes were performed on apical leaflets of the seventh fully
developed leaf under moderate drought conditions at 93 DAG (n = 6). Stomata in the adaxial
and abaxial epidermis are highlighted. Uppercase letters compare control treatments and
lowercase letters compare drought treatments according to Tukey's test (p < 0.05). Asterisks
denote statistical differences between the drought and control treatments within each isolated

genotype according to Sidak's multiple comparisons test (p < 0.05).
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Figure 6: Increased thickness and succulence can affect the diameter and number of vessels
in the xyllem. Xylem traits measured on the midrib. Values represent the mean and standard
error of (n = 6). Analyzes were performed on apical leaflets of the seventh fully developed
leaf under moderate drought conditions at 93 DAG. Uppercase letters compare control
treatments and lowercase letters compare drought treatments according to Tukey's test (p <
0.05). Asterisks denote statistical differences between the drought and control treatments

within each isolated genotype according to Sidak's multiple comparisons test (p < 0.05).
Abbreviations: theoretical hydraulic conductance (Kt).
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Figure 7: (A) Representative images of fruit production in plants of the control treatment
(well-irrigated) and acclimatized to drought (60% of field capacity) for 40 days. (B, C and D)
Effects of drought in fruit productivity measured at 93 days after germination (DAG). Values
represent the means and standard error (n = 6). Uppercase letters compare control treatments
and lowercase letters compare drought treatments according to Tukey's test (p < 0.05).
Asterisks denote statistical differences between the drought and control treatments within
each isolated genotype according to Sidak's multiple comparisons test (p < 0.05).
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Figure 8: Principal Component Analysis (PCA) biplot of M82, IL2-5, IL4-3 and IL2-5/4-3 (n
=4). PC1 (48.53%) and PC2 (16.18%) explain most of the variance found in 15 traits related
to physiology, leaf anatomy, and productivity of plants grown under control and drought
conditions. The length and direction of the arrows indicate the contribution of traits on the
two PCs shown. The angle between the vectors determines the degree of correlation between
traits. Aligned vectors indicate a high positive correlation between traits. Abbreviations:
saturated water content (SWC); leaf mass per area (LMA); intercellular air space (IAS);
maximum electron transport rate (ETR); relative water content (RWC); harvest index (H
index); net photosynthesis (A); diameter of midrib vessels (VD); stomatal density (SD).
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Figure 9: Photosynthesis and electron transport rate (ETR) response curves to chloroplast
CO; concentrations (A/C.) and photon flux density (A/PPFD). (A) A/C., (B) ETR/C,, (C)
A/PPFD and (D) ETR/PPFD. Data show the mean and standard error of the mean of five
replicates. The curves were measured in fully expanded fifth leaf apical leaflets from base to
apex. The evaluations were carried out at 46 DAG. Asterisks denote statistical differences
between the genotype according to Tukey's test (p < 0.05)
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SUPPLEMENTARY MATERIAL

Supplementary Materials for

1L4-3 IL2-5 m82

1L2-5/4-3
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Figure S1: Visible drought symptoms observed in the ILs genotypes over 12 days of drought
followed by rehydration. The lines IL2-5, ILA4-3 and IL.2-5/4-3 showed a significant delay in
leaf wilting even after four days of irrigation suspension. The drought treatment was started
45 days after plant germination (DAG).
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Figure S2: Leaf thickness estimated by Vile et al. (2005). Parameter was estimated using n =
30 leaflets taken from the fourth and fifth leaf of six replicates. Uppercase letters compare
control treatments and lowercase letters compare drought treatments according to Tukey's test
(p < 0.05). Asterisks denote statistical differences between the drought and control treatments
within each isolated genotype according to Sidak's multiple comparisons test (p < 0.05).
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Figure S4: Percentage loss of rehydration capacity (PLRC) in response to the decrease in
relative water content (RWC) for the four genotypes studied. The dashed lines indicate the
RWC associated with losses of rehydration capacity of 10%, 20% and, 50% of cv. M82.
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Figure S5: (A) Relative water content, (B) osmotic potential in full turgor, (C) water potential
(interception method) at the turgor loss point, (D) capacitance in total turgor and (E) turgor
loss point, (F) modulus of elasticity. The values observed in each genotype are represented by
the mean and standard error of four replicates. Letters indicate significant differences between
genotypes according to ANOVA and Tukey tests (p < 0.05).
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Figure S6: (A) Figure shows the plants of the control treatment (well-irrigated), acclimatized
to drought (60% of field capacity) for 40 days (drought) and plants acclimatized to drought
after rehydration (recovery). (B, C, D, E and F) Growth parameters of tomato plants M82, IL
2-5, IL 4-3, and IL 2-5/4-3 were measured at 93 days after germination (DAG). (G) RWC pd
performed at 76 DAG on apical leaflets of the sixth fully expanded leaf from the apex to the
base of the plant. Values represent the means and standard error (n = 6). Uppercase letters
compare control treatments and lowercase letters compare drought treatments according to
Tukey's test (p < 0.05). Asterisks denote statistical differences between the drought and
control treatments within each isolated genotype according to Sidak's multiple comparisons
test (p < 0.05).
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Fig S7: Correlation between the evaluated traits and the first two principal components PC1
and PC2. Abbreviations: saturated water content (SWC); leaf mass per area (LMA);
intercellular air space (IAS); maximum electron transport rate (ETR); relative water content
(RWC); harvest index (H index); net photosynthesis (A); diameter of midrib vessels (VD);
stomatal density (SD).

Table S1: Principal components selected based on Eigenvalues > 1

PC summary Eigenvalue Proportion of variance Cumulative proportion of variance

PC1 7.28 48.53% 48.53%
PC2 2.43 16.18% 64.71%
PC3 1.67 11.11% 75.82%

PC4 1.08 7.23% 83.05%




Table S2: Correlation estimate between the four PCAs and the evaluated traits.

Loadings

Traits PC1 PC2 PC3 PC4
A -0.94 -0.21 0.06 -0.03
ETR -0.94 -0.10 -0.02 0.02
Leaf thickness -0.19 0.73 -0.16 0.35
SWC -0.57 0.63 -0.09 -0.35
IAS -0.71 0.34 -0.20 -0.08
Vein density 0.67 -0.40 0.38 -0.08
S, total 0.79 -0.30 0.32 0.07
Vessel diameter -0.72 -0.11 0.30 -0.44
LMA -0.76 -0.25 -0.42 -0.07
RWC -0.90 -0.29 0.11 -0.16
Leaf area -0.61 -0.54 0.16 0.29
Root/shoot -0.27 0.62 0.54 0.33
Root volume -0.68 0.05 0.46 0.43
Plant DW -0.84 -0.43 -0.05 0.27
Harvest index -0.24 0.24 0.73 -0.37

66

Table S3: Contribution of traits on the fourth PCA. Values were obtained from a matrix of 15
traits x 32 individuals. The traits with the highest correlation on each PCA axis are

highlighted in bold.

Traits contribuition

Traits PC1 PC2 PC3 PC4

A 12.02 1.73 0.22 0.10
ETR 12.23 0.42 0.03 0.06
Leaf thickness 0.51 2190 154 11.26
SWC 4.51 16.34 0.47 11.33
IAS 6.85 472 2.41 0.62
Vein density 6.16 6.71 8.65 0.63
S, total 8.51 3.73 6.25 0.40
Vessel diameter  7.09 049 548 17.99
LMA 7.86 2.56 10.76 0.40
RWC 11.18 3.47 0.71 2.31
Leaf area 517 11.88 1.60 7.82
Root/shoot 1.00 15.87 17.18 10.10
Root volume 6.44 0.11 12.97 17.38
Plant DW 9.66 7.76 0.13 6.86
Harvest index 0.81 2.29 31.61 12.76
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Table S4: Mean values for photosynthetic parameters of M82, 1L2-5, 1L 4-3 and IL.2-5/4-3
calculated from the light curve. Abbreviations: maximum photosynthetic rate (Ama.x) and
photosynthetic rate in saturating light (Ag,); luminous compensation point (LCP); luminous

saturation point (LSP). Significant differences according to ANOVA are shown in p-values in

bold.
Parameters m82 IL 2-5 IL 4-3 IL 2-5/4-3 P
Amax (Um0l CO, m?2s™)  28.6 +1 32.1+0.7 27.7+13 323+22 0.05
Azt (umol CO,m2s™)  23.1+0.9 242+0.7 21.8+0.8 24.5 +0.6 0.13
Lcp 33.7+3 43.3 +3.7 41.1+45 404 +2.7 0.08
LsP 610 + 20 681 + 35 602 + 21 658 + 49 0.28
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SUMMARY

The study of crop diversification has focussed mainly on the genetic changes underlying traits
favoured by humans. However, the passage from natural habitats to agronomic settings
probably operated changes beyond those comprising the classical domestication syndrome. A
deeper understanding of these traits and their genetic signature would be valuable to inform
conventional crop breeding and de novo domestication of crop wild relatives. Here, we show
that domesticated tomatoes diversified into heterobaric and homobaric leaf types. Homobaric
leaves lack bundle sheath extensions (BSEs), which causes a reduction in leaf vein density,
leaf hydraulic conductance and photosynthetic assimilation rate. BSEs development is
controlled by a single, non-synonymous nucleotide change in the OBSCURAVENOSA (OBYV)
gene, which exists as a rare balanced polymorphism in the natural range of wild tomatoes but
has increased in frequency in domesticated tomatoes. The mutation disrupts a C2H2 zinc
finger motif in the OBV protein, resulting in the absence of BSEs in leaves. We show that this
and other pleiotropic effects, including changes in leaf insertion angle, leaf margin serration,
minor vein density and fruit shape, are controlled by OBV via changes in auxin signalling.
Notably, loss of function of the transcriptional regulator AUXIN RESPONSE FACTOR
(ARF4) also results in defective BSE development. Our findings reveal a novel genetic
module controlling leaf development and have ecophysiological implications for the transition

from wild to domesticated crop species.
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Crop domestication was driven by artificial selection to create a loose suite of traits
known as the ‘domestication syndrome’ (/). Considerable effort has been devoted to
unveiling the genetic basis of these traits. However, the passage from natural ecosystems to
increasingly sophisticated, human-managed ones created new drivers for crop evolution that
may have had impact beyond the domestication syndrome (2). These drivers include
geographic expansion beyond the crops’ centre of origin, natural selection under cultivation in
a highly modulated environment, and indirect selection due to constraints caused by
developmental trait correlations and physiological trade-offs (3). The extent and breadth of
the genetic signature created by these processes in crops is not yet known. Identifying these
variants and characterizing their consequences to plant development and function would lead
to a more integrated understanding of crop ecology and provide valuable support to crop
breeding and to the effort of creating new crops with de novo domestication pipelines (4, 5).

Leaf functional traits are key for resource acquisition and thus strongly constrained by
developmental co-variation (6). For instance, high photosynthetic capacity requires high
transpiration capacity, which in turn depends on water transport capacity (7). This trait is a
fundamental driver of leaf diversity, as it is linked with leaf shape, longevity and venation
architecture (8). Notably, many angiosperm species have translucent leaf veins due to the
presence of bundle sheath extensions (BSEs), compact columns of chlorophyll-less cells that
link the veins to the leaf epidermis (9, 10) (Fig. 1A). BSEs have considerable functional
impact, as they can divide the leaf mesophyll into compartments, resulting in patchy stomatal
opening and non-uniform photosynthesis (/7). Leaves harbouring such compartments created
by BSEs are called heterobaric, as opposed to homobaric ones, where the leaf lamina is
topologically continuous. The effect of BSEs on leaf compartmentalization can be
demonstrated by water infiltration in the lamina (Fig. S2). The distribution of these leaf
functional types in natural ecosystems is highly skewed: in a climax forest, most species from
the upper strata are heterobaric, whereas those dwelling in the understorey are homobaric
(12). Likewise, some crops (e.g. soybean, sunflower) are heterobaric, whereas others (e.g.
coffee, cocoa) are homobaric (/3). What determines the distribution of these leaf functional
types in natural and agricultural environments? Identifying the genetic basis of BSEs

development would provide a stepping stone to answer this question.

We previously reported that the tomato monogenic recessive mutant obscuravenosa
(obv) lacks BSEs in leaves, leading to reduced water transport capacity: both stomatal

conductance (gs) and hydraulic conductance (Kje,) are lower in the mutant compared to wild-
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type (WT) plants (/4). However, the underlying genetic lesion in obv is unknown. Analysis of
S. pennellii introgression lines (ILs) in tomato showed that OBV resides on a chromosome 5
interval defined by the bin d-5E (Fig. 1B and C), which contains 37 genes (Table S1) (15). A
genome wide association study (GWAS) revealed a significant single nucleotide
polymorphism (SNP) in Solyc05g054030 (Fig. 1D and fig. S1). The SNP is an A—G
nucleotide change in the third exon of the gene coding sequence (CDS), resulting in a
predicted histidine to arginine substitution on position 135 (H135R) of the protein (Fig. 1E),
which is present in different tomato cultivars harbouring the obv mutation (Table S2). This
genetic identity for obv was reported recently (Lu et al., 2021). Combining genomic and
passport information we analysed the geographic distribution of the mutation in the natural
range of tomato wild relatives, including the ancestral species S. pimpinellifolium and found a
sympatric cluster of mutant accessions in the lowlands of Ecuador and northern Peru (Fig.
1F). Nucleotide diversity analysis on 360 wild and domesticated tomato accessions (available
on solgenomics.net) showed that OBV resides within a tomato domestication sweep (Fig. 1G)
(16). We also found that the mutation increases in frequency between accessions along the
wild-domesticated continuum (Fig. 1H).

In order to confirm the genetic identity of OBV, we transformed the obv mutant in
tomato cv. Micro-Tom (MT) (Figure 2A) with an overexpression (OE) vector for the CDS of
Solyc05g054030. We observed correct BSE development leading to translucent veins in all
obv plants harboring the construct (Fig. 2B, and fig. S2). To assess whether the defect in BSE
development in obv is indeed caused by a single, non-synonymous nucleotide change we next
constructed another OE vector with the OBV CDS but containing the A404G SNP and
transformed it into the obv mutant. All transgenics expressed the transgene, but none reverted
the dark-vein mutant phenotype lacking BSEs (Fig. 2C and fig. S3). We further confirmed
that the obv mutant could be phenocopied by knocking down Solyc05g054030 expression
with an RNA interference (RNAi) construct (Fig. 2D). We further crossed two cultivars
lacking BSEs (M82 and VENS) with either the obv mutant in the MT background or the obv
mutant harbouring the OBV-OE transgene. Hybrid plants derived from the former cross
lacked BSEs leading to dark veins, but those derived from the latter showed phenotypic
reversion, displaying transduced veins and BSEs (Fig. 2E and fig. S4). These results
demonstrated that Solyc05g054030 is OBV, the gene responsible for BSE development in
tomato leaves, and that a single amino acid change causes de obv mutation, which is

responsible for the switch from heterobaric to homobaric leaves in tomato (/4).
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To better understand the nature of the genetic change underlying the obv mutation, we
conducted in silico analyses of the gene and protein sequences of OBV (Fig. 2F). The
complete sequence of the OBV gene encodes a 381 amino acid protein containing three Cys,-
Hys, (C2H2) Zn finger domains, which are associated with DNA-binding capability (/7), an
ethylene-responsive element binding factor-associated amphiphilic repression (EAR) domain,
defined by the LxLxL motif and associated with transcriptional repression (/8), and a
carboxy-terminal coiled coil domain, which may function as molecular spacer or
macromolecular scaffold (/9). Gene ontology (GO) terms associated with this protein are
nucleic acid binding (GO:0003676) and metal ion binding (GO:0046872) (Table S2). Using
324 protein sequences of the OBV orthologous group from 39 plant species (Table S3) we
pinpointed the HI35R amino acid change of the obv mutant to a highly conserved motif of the
second Zn finger domain (Fig. 2G). Protein modelling showed that the C2H2 motif is
contained within a BBa structure, forming a functional unit internally stabilized by chelation
of a single zinc ion (Fig. 2F). This suggests that the obv mutation leads to complete loss of
protein function via disruption of its tertiary structure. Targeted phylogenetic analysis in
relevant crop and model species revealed an ancient evolutionary origin of the OBV gene with
great expansion due to duplication events (Fig. 2G and fig. S6). Protein sequence alignment
of the Zn finger motif that contains the obv mutation in tomato showed that even the most
phylogenetically distant species showed high sequence identity across the domain, suggesting
a conserved protein function (Fig. 2G). The closest Arabidopsis orthologs
(INDETERMINATE DOMAIN 14, 15 and 16), encode proteins involved in shoot
gravitropism and regulation of auxin biosynthesis and transport (Table S4 and fig. S6) (20).

We next characterized the expression profile of OBV, the gene is highly expressed in
meristems leaf primordia, expanding and mature leaves and flowers (fig. S7TA and B).
Changing OBV expression levels led to changes on leaf insertion angle, leaf margin serration
and fruit shape (fig. S7C-E), which hinted at a potential role for auxin as a mediator of BSE
development. Auxins, like other plant hormones, exert their effect through alterations in
metabolism, transport, and sensitivity (27). We found no differences either in auxin content
fig. S9A) nor in polar auxin transport (fig. S9B) between wild type, obv mutant and OBV-OE
lines in leaf primordia. However, GUS expression driven by the DR5 auxin-induced promoter
was increased in the obv mutant (Fig. 3A) but decreased in the OBV®® lines (fig. S10).
Exogenous auxin also led to higher inhibition of hypocotyl elongation and stimulation of in
vitro thizogenesis from explants in obv, compared to WT or OBV®* lines (fig. S11). Taken

together, the results suggested that OBV could be responsible for alterations in auxin
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signalling. Thus, we next assessed the expression profiles of AUXIN RESPONSE FACTOR
(ARFs) and AUXIN/INDOLE-3-ACETIC ACID (Aux/IAAs) transcriptional regulators, which
are components of auxin signal transduction (22). We found consistent upregulation of some
ARFs (ARF3, 9B, 10B, 19 and AUX/IAA4 and [4) and downregulation of some Aux/IAAs
(Aux/IAAIA, IB, 2, 3, 11, 13, 26 and 35) in OBV®E lines compared to WT (Fig. 3B).
Regarding obv the strongest differences were found for ARF4 and Aux/IAA15, both of which
were strongly upregulated in the mutant compared to WT (Fig. 3B).

ARF4 was the auxin responsive factor expression in obv compared to WT genotype;
thus, we focussed on the potential role of ARF4 in BSE development using a CRISPR/Cas9-
generated knockout mutant (arf4-CR) and a transcriptionally silenced line harbouring an
ARF4-antisense (ARF4-as) transgene (23). We confirmed the lack of BSEs and the associated
dark vein phenotype in leaves of both arf4-CR and ARF4-as plants (Fig. 3C and fig S11).
Further, OBV expression was increased in arf4 and ARF4-as leaves (Fig. 3D) and ARF4
expression was increased in the obv mutant but not in the OBV®" lines (Fig. 3 E). Taken
together, these results suggest that OBV controls BSE development via interaction with the
auxin signalling machinery.

Lastly, we analysed the functional consequences of allelic variation in OBV. We first
determined that leaf vein density (vein length per leaf area, VLA) was reduced in obv plants
(Fig 4A and B). Vein architecture plays a key role in carbon assimilation rate and water
distribution within the leaf (24). Ki.r is a measure of how efficiently water is transported
through the leaf: We found that the obv mutant had reduced K., which was restored to wild-
type levels in OBV°® transgenic lines (Fig. 4C and D). A regression analysis between VLA
and K.,sshowed a strong positive correlation (r=0.811, p<0.001) between the variables, with
a coefficient of determination (Rz) of 0.657 (Fig. 4E). This suggests that variation in VLA
caused by OBV is a major determinant of variation in K, Interestingly, an auxin
biosynthesis mutant with reduced VLA showed reduced Ki.,s and photosynthetic rate in pea
(Pisum sativum) (25). Net assimilation of CO, (A,)-chloroplastic CO, concentration curves
(C.) (Fig. 4E) revealed no difference in maximum Rubisco carboxylation rate (V may) (Table
S6) between genotypes, however, the maximum rate of light-saturated net CO, assimilation
(Amax) Was lower in the obv mutant (Fig. 4F and Table S7). This suggests that the presence of
BSEs overrides diffusive limitations to photosynthesis through their effect on the water
transport capacity of the plants (26, 27).

Leaf BSEs fulfils significant roles in leaf function with large ecophysiological impact.

Firstly, by connecting the vascular bundles to the leaf epidermis, BSEs minimize the extra-
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xylematic path length and favor a greater hydraulic integration in the leaf lamina. The stomata
of heterobaric leaves may therefore operate closer to the point of embolism, while responding
faster to sudden changes in xylem water potential (28). This could at least partially explain the
distribution of heterobaric wild tomato accessions in more arid habitats with erratic rainfall
patterns (29). Secondly, photosynthetic assimilation rates are higher in heterobaric leaves due
to the optimization of light transmission within the leaf lamina. BSEs can function as
‘transparent windows’ that enrich neighbouring mesophyll cells, or, in the case of C4 plants,
the bundle sheath itself, with high levels of photosynthetically active radiation (400-700 nm)
(30, 31). Lastly, the presence of BSEs increases the plasticity of minor vein density in
response to growth light intensity, adjusting water supply and photosynthetic rate to specific
environmental conditions (32). The sum of these effects on leaf function suggests that the
presence of BSEs has adaptive value. This raises the question of what the main driver for the
loss of BSEs in domesticated tomato cultivars could be. One possible explanation it that the
heterobaric/homobaric ecological distribution logic was broken down by the passage to an
agricultural setting and, in this case, the homobaric phenotype is functionally more
advantageous due a trade-off with the structural and functional costs of BSEs (33).
Furthermore, since the obv mutation increases sensitivity to auxin, we cannot exclude the
selection of a favorable pleiotropic effect of this hormone on plant development and
productivity (34).

In this report we have identified an allelic variant in OBV, a gene controlling the
development of BSEs, which impacts leaf anatomy and function in tomato and other
important crop species. We show that the OBV protein is highly conserved among
angiosperms and that it is a key determinant of leaf functional type. BSE development is
strongly linked to auxin signalling, involving ARF4, whose loss of function also impairs BSE
formation. Our findings represent an entry point to unravel leaf functional design through a
gene-focused approach and provide a molecular anchor for the analysis of phenotypic co-
variation in leaf anatomical and physiological traits. They also suggest that leaf functional
type results from a trade-off probably conditioned by environmental factors. The conservation
of OBV in angiosperms could be leveraged to explore its roles in other plant major crop
species and potentially tailor different leaf types to specific agronomic settings. For instance,
BSEs were recently shown to provide a pathway for P uptake following foliar fertilization in
spring barley (Hordeum vulgare) (35). Thus, our discovery of a simple genetic switch between
leaf functional types could have important ecological implications and agricultural

applications.
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Figure 1 — Mapping and identification of a candidate gene for the obscuravenosa (obv) mutation. (A)
Schematic cross-sectional comparison of heterobaric and homobaric leaves. In the former (e.g. the tomato wild
relative Solanum pennellii) the bundle sheath extensions (BSEs) are visible as a translucent network of veins,
whereas leaves of the latter (e.g. cultivars of tomato, S. lycopersicum, harbouring the obv mutation, such as cv.
MS82) the leaf lamina appears uniformly green. (B) Leaf phenotype of tomato cv. M82 and the S. pennellii
introgression lines 5-3, 5-4 and 5-5. Scale bars, 1 cm. (C) Bin-mapping of the genomic region containing the obv
mutation using ILs sequences. (D) Association plot of the GWAS for the obv phenotype: the x-axis represents
the chromosome region where Solyc05g054030 is located, and the y-axis represents the negative log,y of p-
values per SNP derived from the association analysis. The red horizontal line represents the Bonferroni-corrected
genome-wide significance threshold (p=1.554"). The boxes represent the open reading frame of
Solyc05g054030. The SNP (an A-to-G transition) located in the third exon of this gene is strongly associated
with the obv phenotype. (E) Gene structure of Solyc05g054030 showing exons (boxes) and introns (lines) and
the position of the SNP (red arrowhead) in the third exon and DNA and protein sequence of the region around
the SNP, showing that it represents a non-synonymous mutation leading to the substitution of a histidine (H) in
the wild-type (WT) for an arginine (R) residue in the obv mutant. (F) Geographic distribution of accessions of
wild tomatoes on the Pacific coast of Peru, Ecuador and the Galapagos Islands (inset) harbouring either the WT
or mutant obv allele. Scale bar, 100 km. (G) Nucleotide diversity (mw) of the ancestral wild species S.
pimpinellifolium (PIN), S. lycopersicum var. cerasiforme (CER) and big-fruit cultivars (BIG) of domesticated
tomato. The horizontal lines indicates genome-wide top 5% cutoff ratio for domestication sweeps. (H)
Frequency analysis showing the incidence of the obv mutation in four different categories of tomato accessions.
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Figure 2 — Complementation of the obv mutant and protein sequence analysis. (A) Representative terminal
leaflets of tomato cultivar Micro-Tom (MT) harbouring the wild-type (WT) OBV allele and the obscuravenosa
(obv) mutant, (B and C) independent transgenic obv mutants overexpressing (OE) either (B) the WT OBV allele
or (C) the mutant obv allele, and (D) an RNA interference knockdown OBV line in WT background. (E)
Representative terminal leaflets of tomato cv. M82 (an obv mutant), an F; hybrid derived from the cross between
M82 and MT-obv and an F; hybrid of M82 and transgenic MT-obv harbouring the OBV overexpression
transgene. Scale bars, 1 cm. (F) Schematic representation of the OBV protein showing conserved domains: ZnF
(zinc finger), EAR (ethylene-responsive element binding factor-associated amphiphilic repression) and CC
(coiled coil). The sequence of the second ZnF motif (ZnF2) is described as logo plot of residue conservation,
with consensus sequence in the bottom. The relative sizes of letters indicate their frequency in an orthologous
group of 324 proteins from 39 plant species. The total height of the letters depicts the information content of the
position in bits. Right, 3D model of ZnF2 showing the relative positional arrangement of the C2H2 residues and
the Zn ion ligand. (G) Left, maximum likelihood protein sequence tree of the OBV gene in selected model and
crop species. Symbols on nodes represent bootstrap support values: full circles >0.75, open circles <0.75. Right,
partial protein sequence alignment focussed on the second ZnF and showing the histidine (H) residue affected by
the obv mutation in tomato (red). Shading indicates similarity to consensus (according to Blosum62 score matrix
with a threshold of 1): black 100%; dark grey 80-99%; light grey 60-79%; white <60%. The bar on the top
indicates the mean pairwise identity over all pairs in the column: green 100%; brown 30-99%, red <30%.
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Figure 3 — Interaction between OBV and auxin signalling in the control of leaf functional type. (A)
Histochemical GUS analysis in transgenic lines harbouring a homozygous DR5::GUS construct in either wild
type (WT) Micro-Tom or obv mutant background. Seedlings were either pre-treated (+IAA) or not (mock) with
20 uM of indol-3-acetic acid. Scale bar = 1 cm. (B) Transcriptional profile of AUXIN RESPONSE FACTOR
(ARF) and AUXIN/INDOLE-3-ACETIC (Aux/IAA) genes from leaf primordia. Heat map represents the transcript
profiles in two OBV overexpression (OE) homozygous transgenic lines and the obv mutant. Values represent
means of four biological replicates normalized against the corresponding WT sample. Statistically significant
increases (red) or decreases (blue) in comparison with the MT are represented by colored squares (p <0.05). (C)
Representative leaves and terminal leaflets of MT, a CRISPR ARF4 mutant (arf4-CR) and an antisense ARF4
knockdown line (arf4-as). Scale bars = 1 cm. (D) Relative OBV mRNA levels in young leaves of MT, arf4-CR,
arf4-as and obv. p-values show significant differences to the obv mutant. (E) Relative ARF4 mRNA levels in

young leaves of MT, homozygous transgenic lines overexpressing (OE) OBV and the obv mutant. p-values show
significant differences to the obv mutant.
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Figure 4 - OBV controls vein development and leaf hydraulic conductance for hydrated leaves (K72}, (A)

leaf
Representative micrographs of cleared terminal leaflets of wild-type (WT) tomato cv. Micro-Tom (MT), the

obscuravenosa (obv) mutant, and two independent OBV overexpression (OE) lines sections in either WT or obv
background. Scale bars, 100 um. (B) Leaf vein density in WT, obv and the transgenic lines. (C) values for
tomato cv. M82 (obv mutant), a cv. M82 line harbouring the wild-type OBV allele introgressed by conventional
breeding and a transgenic OBV-OE line; and (D) in WT, obv and the transgenic lines. (E) Regression analysis of
Kot and vein density for WT, obv and the transgenic lines. Each point corresponds to an individual measurement

on a different plant. (F) Net photosynthetic assimilation (A,) response curve to CO, concentration in the
chloroplasts (C,). (G) Maximum assimilation rate at ambient CO, and saturating irradiance derived from the
curves in F. Boxes in box plots represent interquartile range (IQR), center line the mean, and the ends of the
whisker are set at 1.5*IQR above and below the third and first quartiles, respectively. Asterisks show outliers. p-
values for significant differences (p<0.05) are shown.
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Abstract: Auxin controls multiple aspects of plant growth and development. However, its role in stress
responses remains poorly understood. Auxin acts on the transcriptional regulation of target genes,
mainly through Auxin Response Factors (ARF). This study focuses on the involvement of SIARF4 in
tomato tolerance to salinity and osmotic stress. Using a reverse genetic approach, we found that the
antisense down-regulation of SIARF4 promotes root development and density, increases soluble sugars
content and maintains chlorophyll content at high levels under stress conditions. Furthermore, ARF4-as
displayed higher tolerance to salt and osmotic stress through reduced stomatal conductance coupled
with increased leaf relative water content and Abscisic acid (ABA) content under normal and stressful
conditions. This increase in ABA content was correlated with the activation of ABA biosynthesis genes
and the repression of ABA catabolism genes. Ci/ZnSOD and mdhar genes were up-regulated in ARF4-as
plants which can result in a better tolerance to salt and osmotic stress. A CRISPR/Cas9 induced SIARF4
mutant showed similar growth and stomatal responses as ARF4-as plants, which suggest that arf4-cr
can tolerate salt and osmotic stresses. Our data support the involvement of ARF4 as a key factor in
tomato tolerance to salt and osmotic stresses and confirm the use of CRISPR technology as an efficient
tool for functional reverse genetics studies.

Keywords: ARF4; Auxin; CRISPR-Cas9; osmotic stress; salt; tolerance; tomato

1. Introduction

Auxin is a key regulator of many plant growth and development processes throughout the plant
life cycle [1]. Auxins regulate diverse cellular and developmental responses in plants via three types
of transcriptional regulators, auxin response factors (ARFs), Aux/IAA and TOPLESS (TPS) proteins [2].
ARFs play a key role in regulating the expression of auxin response genes. In total, 23 ARF genes have
been isolated from Arabidopsis thaliana [3]. Most of them share a structure with conserved domains:
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an N-terminal DNA-binding domain (DBD), a variable central transcriptional regulatory region (MR),
which can function as an activator or repressor domain, and a carboxy-terminal dimerization domain
(CTD) that contributes to the formation of either ARF/ARF homo- and hetero-dimers or ARF/Aux/IAA
hetero-dimers [4,5]. Since ARF1, the first Arabidopsis ARF gene, was cloned and its function investigated [6],
the ARF gene family has been identified and well characterized in many crop species, including tomato
(Solanum lycopersicum), maize (Zea mays), rice (Oryza sativa), poplar (Populus trichocarpa), Chinese cabbage
(Brassica rapa), banana (Musa sp.) and physic nut (Jatropha curcas L.) [4,7-10].

In tomato, the ARF gene family is also involved in the control of many physiological processes [5].
Downregulation of ARF3 decreased the density of epidermal cells and trichomes in tomato [11].
The Slarf2A/B mutation leads to a severe fruit ripening inhibition with dramatically reduced ethylene
production, while the over-expression of ARF2A resulted in a blotchy ripening pattern in fruit as a
result of a significant accumulation of ripening-related genes and metabolites [12]. Down-regulation of
SIARF6 and SIARFS8 in transgenic plants through the overexpression of miR167a may lead to floral
development defects and female sterility [13]. Transcriptional down-regulation of ARF4 expression
leads to severe leaf curling along the longitudinal axis [14]. The down-regulation of SIARF4 also
resulted in ripening-associated phenotypes such as enhanced firmness, sugar and chlorophyll content
leading to dark green fruit and blotchy ripening [14,15]. This phenotype was also reported in SIARF10
gain of function mutant [16].

ARF genes also seem to be implicated in plant responses to environmental stresses. It has been
reported that both OsARF11 and OsARF15 show differential expression in salt stress conditions,
suggesting that they are involved in the rice response to stress [7]. In banana, the expression of many
ARF genes was altered in response to salinity and osmotic stresses [9]. We have previously shown
that, in tomato, expression levels of many SIARF genes are responsive to a wide range of abiotic stress
conditions [17]. Interestingly, the SIARF4 regulatory region was enriched in cis-acting elements specific
to salinity and water deficit response [17]. Here, we extended this observation to plants subjected to
salinity and osmotic stress. We investigated whether loss of SIARF4 function in tomato could have an
impact on plant growth and function under water deficit, high salinity or osmotic stress conditions.
By assessing morphological, anatomical, physiological and molecular analyses, we provide evidence
for the involvement of SIARF4 in tomato response to salinity and osmotic stress. We discuss the
potential role of elements of the auxin signaling network in responses to environmental stresses.

2. Material and Methods

2.1. Plant Material

Wild-type tomato (Solanum lycopersicum, L.) cv Micro-Tom (WT), and the following AUXIN RESPONSE
FACTOR 4 lines were used in this study: an ARF4 antisense silenced line (ARF4-as), and a reporter line with
the 3-glucoronidase (GUS) gene driven by the native ARF4 promoter region (pARF4::GUS). ARF4-as plant
lines were previously generated and well-characterized by Sagar et al. (2014) [15]. The most representative
plant line was chosen.

2.2. Generation of SIARF4-Crispr (arf4-cr) Plants

Tomato SIARF4-crispr (arfd-cr) plants were obtained by Agrobacterium tumefasciens mediated genetic
transformation according to Wang et al. (2005) [18]. CRISPR/Cas9 mutant lines were generated following
previous standard protocol [19]. Two single-guide (sg) RNAs in the Solyc11g069190 coding sequence were
designed using the CRISPR-P server (http://cbi.hzau.edu.cn/cgi-bin/CRISPR) [20]. The sgRNA sequences are
AATGGAGGTCACACCAGAG and GGAACTGAAAAGCCACCAT, aiming to create a 49bp deletion in the
DBD domain of SIARF4 gene. The sgRNAs were first cloned in the Level 1 vectors pICH47751 and pICH47761
driven by the Arabidopsis U6 promoter, respectively. The Level 1 constructs pICH47732-NOSpro:NPTII,
pICH47742-355:Cas9, pICH47751-AtU6pro:sgRNA1, and pICH47761-AtU6::sgRNA2 were then assembled
into the Level 2 destination vector pAGM4723. For genotyping of the transgenic lines, genomic DNA
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was extracted using ReliaPrep™ gDNA Tissue Miniprep System (Promega, Madison, United States)).
The CRISPR/Cas9-positive lines were identified by PCR, then further genotyped for mutations using the
primers (Fwd: ACATGGTTTCACTGTAAAGGGATCT and Rev: CTGGCCTGAAAGAAAAGCATCAAA)
spanning the two sgRNAs target sequences by PCR and Sanger sequencing of ARF4-PCR products.

2.3. Characterization of ARF4-as and arf4-cr Plants

2.3.1. Plant Growth Conditions

Plants were grown as described previously [21]. Seeds of WT, ARF4-as and arf4-cr transgenic plants
were sown in germination trays with commercial substrate (Tropstrato HT Hortalicas, Vida Verde) and
supplemented with 1g L~! 10:10:10 NPK and 4 g L™ dolomite limestone (MgCOj3 + CaCO3). After the
emergence of the first pair of true leaves, the seedlings were transferred to plastic pots (350 mL) with the
same substrate described above, supplemented with 8 g L™ 10:10:10 nitrogen: phosphorus: potassium
(N:P:K) and 4 g L'! lime. The experiment was conducted in a greenhouse localized at Universidade
Federal de Vicosa (642 m asl, 20°45” S; 42°51” W), Minas Gerais, Brazil, under semi-controlled conditions
(mean temperature of 28 °C and 450-500 imol m~2 s~! PAR irradiance). Irrigation was performed twice
a day, where each plastic pot received the same volume of water.

2.3.2. Growth Analyses

Growth measurements were conducted as described previously [22]. Plant height and internode
length were measured 35 days after germination (DAG). At 45 DAG the plants were harvested and
divided into leaves, stem and root. Leaf area was measured using leaf area meter (Li-Cor Model 3100
Area Meter, Lincoln, NE, USA). Leaf, stem and root were then packed separately in paper bags and
oven dried at 70 °C for 72 h until they reached constant weight. Shoot and root biomass were measured
from the dry weight of leaves, stem and root. Specific Leaf Area (SLA) was determined as described by
Hunt (1982) [23].

2.3.3. Microscopy

For anatomical analysis, leaf discs were collected from the medium point of the fifth lateral leaflet
and fixed in FAA50 (Formaldehyde, acetic acid and ethanol 50%) for 48 h, and then stored in ethanol
70%. Samples were infiltrated with historesin (Leica Microsystems, Wetzlar, Germany) and cut in
cross sections with ~5 pm (RM2155, Leica Microsystems, Wetzlar, Germany). Leaf cross sections were
mounted in water on glass slides and stained with toluidine blue. Histological sections were observed
using an optic microscope (AX-70 TRF, Olympus Optical, Tokyo, Japan) and then photographed using
digital photo camera (Zeiss AxioCam HRc, Gottinger, Germany). Anatomical features, such as leaf
thickness and thickness of cell layers, were analyzed using Image-Pro Plus® software (version 4.5,
Media Cybernetics, Silver Spring, MD, USA).

2.3.4. Measurements of Photosynthetic Parameters

Photosynthetic parameters were performed using an open-flow infrared gas exchange analyzer
system (Li 6400XT, Li-Cor, Lincoln, USA) equipped with an integrated fluorescence chamber (Li-6400-40;
Li-Cor Inc.). All measurements were made on terminal leaflets of intact and completely expanded leaves.
The analysis was conducted under common conditions for photon flux density (1000 pmol m=2 s71),
leaf temperature (25 + 0.5 °C), leaf-to-air vapor pressure difference (16.0 + 3.0 mbar), air flow rate into
the chamber (500 umol s71), reference CO, concentration of 400 ppm using an area of 2 cm? in the
leaf chamber.

A/Ci curves were determined initiated at an ambient CO, concentration of 400 umol mol~! under a
saturating photosynthetic Photon Flux Density (PPFD) of 1000 pmol m= s ! at 25 °C under ambient O,
supply. CO, concentration was decreased to 50 pmol mol™! of air in step changes. Upon the completion
of the measurements at low C,, C, was returned to 400 pumol mol™ of air to restore the original A. Next,
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CO; was increased stepwise to 1600 pmol mol™ of air. The maximum rate of carboxylation (Vepmax),
maximum rate of carboxylation limited by electron transport (J,u4x) and triose-phosphate utilization
(TPU) were estimated by fitting the mechanistic model of CO, assimilation proposed by Farquhar et al.
(1980) [24]. Corrections for the leakage of CO; into and out of the leaf chamber of the LI-6400 were
applied to all gas-exchange data as described by Rodeghiero et al. (2007) [25].

2.3.5. Kinetics of Stomatal Conductance

The evaluation of stomatal behavior in response to light and CO, variation was performed in WT
and ARF4-as plants 40 DAG, under laboratory conditions (temperature 22-25 °C; relative humidity
50-60% and radiation of 150-200 umol ~2 s7!), using an open-flow infrared gas exchange analyzer
system (Li 6400XT, Li-Cor, Lincoln, CA, USA). The variation of gs was performed on the fifth or
sixth fully expanded leaf. For step-change evaluation of gs in response to light intensity, leaves were
stabilized for 30 min in the dark and then radiation was increased to 1000 umol m~2 s~!, and allowed
to stabilize for 240 min. Subsequently, light was turned off and observations recorded for another
100 min. The alternation in the amount of light was based on the results presented by Lawson et al.
(2010) [26]. The response of g to CO, was performed in a similar manner to those described above for
light response. The analysis was performed in a range of 240 min, with changes in CO, concentration
(400-800-400 umol CO, m~2s71).

2.3.6. Productivity Traits

The productivity parameters were measured in eight plants per genotype (WT, ARF4-as and
SIARF4-crispr). The average fruit weight was determined after individual weighing of each fruit, using
a semi analytical balance with a sensitivity of 0.01 g (Shimadzu® AUY220 model, Japan)). Equatorial
and polar diameter was measured using a digital pachymeter (Jomarca STAINLESS HARDENED,
Nieuw, Vennep, Netherland). The determination of the soluble solids content (°Brix) was performed in
10 fruits per plant using a digital temperature-compensated refractometer, model RTD 45 (Instrutherm®,
Sao Paulo, SP, USA).

2.4. ARF4 Expression under Salt, Drought and Osmotic Stresses

2.4.1. Plant Growth and Stress Conditions

WT tomato seeds were sterilized for 10 min in 50% sodium hypochlorite, rinsed four times with
sterile distilled water and sown in pots containing peat. Then they were incubated in a culture room
with 16 h light/8 h dark photoperiod and 25 + 2 °C temperature. After 3 weeks, plants were subjected
to salt and drought stresses. Salt stress was performed by watering daily the plants with 250 mM of
NaCl solution. Control plants were daily watered with distilled water. Leaves and roots samples were
harvested after 2 and 24 h of salt stress application. Drought stress was performed on three-week-old
plants by water holding for 48 h and for 5 days. Watering continued normally throughout for control
plants. Leave and root samples were collected after drought stress application. Three biological
replicates were done for each condition.

2.4.2. RNA Extraction

Total RNA was extracted from leaves and roots samples by using The Plant RNeasy extraction
kit (RNeasy Plant Mini Kit, Qiagen, Valencia, CA, USA). To remove any residual genomic DNA,
the RNA was treated with an RNase-Free DNase according to the manufacturer’s instruction (Ambion®
DNA-freeTMDNase, Austin, Texas, United States). The concentration of RNA was accurately quantified
by spectrophotometric measurement and 1pg of total RNA was separated on 2% agarose gel to monitor
its integrity. DNase-treated RNA (2 ug) was then reverse-transcribed in a total volume of 20 pL using
the Omniscript Reverse Transcription Kit (Qiagen, Hilden, Germany).

85



Genes 2020, 11,272 5 of 25

2.4.3. Real Time PCR

The real-time quantification of cDNA corresponding to 2 ug of total RNA was performed in the

ABI PRISM 7900HT sequence detection system using the QuantiTech SYBR Green RT-PCR kit (Qiagen).

The Gene-specific primers used are listed in Table S1. The reaction mixture (10 pL) contained 2 pg
of total RNA, 1,2 uM of each primer and appropriate amounts of enzymes and fluorescent dyes as
recommended by the manufacturer. Actin gene was used as reference. Real-Time PCR conditions were
as follow: 50 °C for 2 min, 95 °C for 10 min, then 40 cycles of 95 °C for 15 s and 60 °C for 1 min, and
finally one cycle at 95 °C for 15 s and 60 °C for 15 s. Three independent biological replicates were used
for real-time PCR analysis. For each data point, the Ct value was the average of Ct values obtained
from the three biological replicates.

2.4.4. Histochemical Analysis of GUS Expression

Transgenic plants expressing pARF4::GUS were generated by Agrobacterium. tumefaciens-mediated
transformation according to Wang et al. (2005) [18]. For that, PCR was performed on the genomic DNA
of tomato Micro-Tom (10 ng.mL™) using specific primers. The corresponding amplified fragment
was cloned into the pMDC162 vector containing the GUS reporter gene using Gateway technology
(Invitrogen). The cloned SIARF promoter was sequenced from both sides using vector primers in

order to see whether the end of the promoter is matching with the beginning of the reporter gene.

Sequencing results analyses were carried out using the Vector NTI (Invitrogen) and ContigExpress
software by referring to ARF promoter sequences.
After being surface sterilized, pARF4::GUS seeds were cultivated in Petri dishes containing half

strength Murashige & Skoog medium for 7 days in a growth chamber at 25 °C with 16 h light/8 h dark cycle.

One-week-old plants were then grown hydroponically for two weeks in Broughton & Dillworth (BD)
liquid medium [27]. Three-week-old plants were subjected to salt and osmotic treatment. Salt stress was
performed by adding 250 mM of NaCl to the culture medium. After 24 h of the salt stress application, plants
were incubated overnight at 37°C in GUS buffer (3 mM 5-bromo-4-chloro-3-indolyl-B-D-glucuronide
(Duchefa Biochemie, Haarlem, The Netherlands), 0.1% v/v Triton X-100 (Sigma, Steinhaim, Germany)
8 mM p-mercaptoethanol, 50 mM NayHPO4/NaH,PO4 [pH 7.2]) then followed by a destaining in 70%
EtOH. Osmotic stress was conducted by adding 15% PEG 20000 to the liquid culture solution. Plants
were collected after five days of stress application and were GUS-stained as described above. For each
stress condition, control plants were cultivated in BD liquid medium for the same period.

2.5. Stress Tolerance Assays in the Transgenic Tomato Plants

2.5.1. Plant Growth and Stress Application

WT and ARF4-as seeds were first surface-sterilized for 10 min in 50% sodium hypochlorite, and then
rinsed four times with sterile distilled water. They were then cultured in petri dishes containing half
strength Murashige & Skoog (MS) medium for 7 days in a growth chamber at 25° with 16 h light/8 h
dark cycle. One-week-old plants were then grown hydroponically in pots containing 1 L of BD aerated

nutriment solution for two weeks in the same growth conditions (25° with 16 h light/8 h dark cycle) [27].

Three weeks plants were then subjected to salt and osmotic stresses. Salt stress was performed by adding
100 mM or 150 mM NaCl to the liquid BD medium. Leaves and roots samples were harvested after
2 weeks of treatment. osmotic treatment was conducted as follows: three weeks plants were subjected to
osmotic stress by adding 5% or 15% PEG 20,000 corresponding to final osmotic potentials of —0.09 MPa
and —0.28 MPa to the hydroponic solution for 2 weeks. Meanwhile, the control plants were grown
normally in BD medium. Leaves and roots samples were collected after 2 weeks of culture for both
stressed and unstressed plants. For each treatment, the hydroponic solution was renewed each 3 days.
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2.5.2. Morphological Analysis

e  Determination of shoot and root fresh weights

Shoot and root fresh weights were determined as followed: stressed and unstressed plants from
each line were harvested and rinsed thoroughly with distilled water (DW). The plants were blot dried
on blotting sheet and cut into shoots and roots. The fresh weight of each part of the plant was measured
and the mean of shoots and roots weights was determined based on at least twelve plants per line in
each condition.

e  Determination of primary root length and lateral root density

Primary root length was determined as followed. Pictures for each plant were analyzed using
Image] software in order to determinate the root length. Twelve independent plants from each line
under control and stress conditions were used to calculate the mean.

The lateral root number was determined by counting the number of emerging roots and the mean
was calculated based on at least twelve plants per line in each condition. The lateral root density (LR
density) was determined using the following equation: number of LRs/the length of the root.

2.5.3. Physiological Analysis

e  Determination of chlorophyll content

Determination of chlorophyll content of each line under stressful and normal conditions was
performed as described in Bassa et al. (2012) [28]. A 100 mg aliquot of leaves collected from stressed
and unstressed plants was weighted and ground with 1 mL of 80% acetone. The liquid obtained was
centrifuged for 1 min at 10,000 rpm to remove any remaining solid tissue. Samples were analyzed by
spectrophotometry at two wavelengths, 645 and 663 nm, using 80% acetone as the blank. The total
chlorophyll content was determined using the following equations: Total Chlorophyll Content = 20.2
X Chla + 8.02 x Chl b (Chl a = 0.999A663 — 0.0989A645 and Chl b = -0.328A663+1.77A645)

e  Determination of soluble sugar content

Total soluble sugar content was determined as in Dubois et al. (1956) [29]. Thus, 100 mg of fresh
leaves and roots of each sample were homogenized in 5 mL of 80% ethanol in test tubes. Test tubes were
kept in water bath of 80 °C for 1 h, and sample extracts were transferred to another test tube, and 0.5 mL
distilled water and 1 mL of 5% phenol then added and allowed to incubate for 1 h. Finally, after 1 h,
2.5 mL sulfuric acid was added to the test tubes and shaken well on an orbital shaker. Absorbance was
read at 485 nm on Spectrophotometer. Sucrose was used as standard.

e  Determination of leaf stomatal conductance

Leaf abaxial stomatal conductance of the youngest fully expanded leaf (usually the fifth leaf,
counting from the base) of stressed and well-drained plants of each studied line were determined after
two weeks of stress treatment using a hand-held leaf diffusion poromoter (SC-1 LEAF POROMETER,
Decagon, Pullman, Washington, United States). For each line, three biological replicates were conducted
at each condition.

e  Determination of Abscisic acide (ABA) content

Three weeks ARF4-as and WT plants were exposed to salt and osmotic stress. Leaf samples were taken
after 24 h for salt stress and after 48 h for osmotic. ABA measurement assays were performed as described
Forcat etal. (2008) [30]. Briefly, 110 mg of frozen tissue were extracted at 4 °C for 30 min with 400 puL of HO
with 10% methanol + 1% acetic acid. The internal standard was 2H6 ABA. The extract was centrifuged at
13,000 g for 10 min at 4 °C. The supernatant was carefully removed and the pellet re-incubated for 30 min
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with 400 pL of methanol-acetic acid mix. Following the centrifugation, the supernatants were pooled.

Extracts were then analyzed by Liquid Chromatography- Mass Spectrometry (LC-MS) using an Acquity
Ultra Performance Liquid Chromatography (UPLC) coupled to a XevoQtof (Waters, MA, USA). Analysis
parameters were described in Jaulneau et al. (2010) [31].

e  Determination of Relative water content (RWC):

Tomato fully expanded leaves were excised and fresh weight (FW) was recorded every 30 min.

The excised leaves were then allowed to float on deionised water for about 24 h and turgid weight
(TW) was recorded. Leaves were dried at 80 °C for 24 h and dry weight (DW) recorded. Finally, RWC
was calculated according to Smart and Bingham (1974) [32].

2.5.4. Quantitative Expression Assays

Three-weeks-old WT and ARF4-as plants grown hydroponically in BD medium were subjected to
either 150 mM of NaCl or 15% of PEG. Leaves and root samples were harvested after 2 h and 24 h for
salt stress and after 48 h for osmotic stress. RNA extraction, cDNA synthesis and real time PCR were
performed as previously described in paragraph “ARF4 gene expression under salt and osmotic stress
conditions”. The gene-specific primers used are listed in Table S1.

3. Results

3.1. SIARF4 Downregulated Line Shows Altered Anatomical, Morphological and Physiological Parameters

We analyzed a previously published AUXIN RESPONSE FACTOR 4 antisense line (ARF4-as) [15].
The ARF4-as plants exhibit a wide range of morphogenic phenotypes, namely delayed flowering,
increased height and leaf curling as compared to their isogenic Micro-Tom (wild-type, WT) counterparts
(Figure 1). Stem and root dry weight, on the other hand, showed a significant reduction in ARF4-as
plants compared to WT, along with a minor increase in leaf area and specific leaf area (Figure 2).
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Figure 1. Phenotype of cv. Micro-Tom tomato plants (wild-type, WT) and isogenic ARF4 antisense
transgenic line (ARF4-as), 35 days after germination. (a) WT and (b) ARF4-as plants at the same stage of
development, (c) number of leaves to first inflorescence, (d) plant height to first inflorescence, (e) plant
internode length and (f) stem diameter. Bars are mean values (n = 7) + s.e.m. Asterisks indicate values
that were determined by Student’s t test to be significantly different (p < 0.05) from WT.
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Figure 2. Dry weight and parameters related with leaf area for Micro-Tom (WT) and isogenic ARF4
antisense transgenic line (ARF4-as), 45 days after germination. (a) leaf dry weight, (b) stem dry weight,
(c) root dry weight, (d) total dry weight, (e) total leaf area and (f) specific leaf area (SLA). Values are means
+s.e.m (n = 8). Asterisks indicate values that were determined by Student’s t test to be significantly
different (p < 0.05) from the Micro-tom (WT).

ARF4-as plants displayed an upward curling along the longitudinal axis of leaves (Figure 3b-k).

The extent of the changes detected in leaf morphology prompted us to check leaf ultrastructure in
WT and ARF4-as plants. Leaf thickness was clearly reduced in ARF4-as plants compared to WT
(Figure 3a,b). Average leaf blade thickness was 209 + 8 um in WT compared to 181 + 7 um in ARF4-as
(Figure 3c). The palisade parenchyma (PP), spongy parenchyma (SP) and mesophyll tissue layers were
thinner in ARF4-as plants than in WT plants (Figure 3d,e,j). The palisade:spongy mesophyll ratio
was significantly higher in WT than in ARF4-as (Figure 3f). Meanwhile, the intracellular air spaces
(IAS) were more conspicuous in ARF4-as compared to WT (Figure 3g), while no visible difference was
observed in adaxial or abaxial epidermis between genotypes (Figure 3h,i).

Consistent with the presence of thinner leaves in the ARF4-as mutant plants, net CO, assimilation
rate (A) showed lower values along with a decreased stomatal conductance (gs) in ARF4-as plants
while WT plants exhibited higher CO, assimilation rate and gs values (Figure 4a-b). It is well known
that A can be limited by the slowest of two biochemical processes: (1) the maximum rate of ribulose
1,5-biphosphate (RuBP) carboxylase/oxygenase (Rubisco) catalyzed carboxylation (Vemax) and (2)
regeneration of RuBP controlled by electron transport rate (Jmax) [33]. Consistently, Vemax and Jmax
exhibited a significant decrease in ARF4-as plants (Table S2), indicating that photosynthesis is reduced
due to the silencing of SIARF4 (Figure 5a).
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Figure 3. Leaf anatomy and morphology is altered in an ARF4-as transgenic line. Representative
leaf cross-sections of (a) Micro-Tom (WT) and (b) ARF4-antisense line (ARF4-as). Scale bars= 20 pm.
(c) Total thickness of the leaf blade, (d) thickness of palisade, (e) thickness of spongy and (f) ratio of
palisade to spongy mesophyll, (g) proportion of intercellular air spaces, (h) adaxial epidermis and
(i) abaxial epidermis and (j) mesophyll thickness in WT and ARF4-as plants and (k) Time series of a
representative leaf illustrating blade curling in ARF4-as plants. Day 0 represents the day when the leaf
was fully expanded. Values are means =+ s.e.m (1 = 6). Asterisks indicate values that were determined

by student’s ¢ test to be significantly different (p < 0,05) from WT while n.s indicates non significant
difference between ARF4-as and WT.
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Figure 4. Net CO; assimilation rate (A) and stomatal conductance (gs) in Micro-Tom (WT) and isogenic
ARF4 antisense transgenic line (ARF4-as). (a) CO, assimilation rate (A) as a function of stomatal
conductance (gs), each point represents one measurement on an individual plant. Line fitted by linear
regression. (b) net CO2 assimilation rate (A). (¢) stomatal conductance (gs). (d) intrinsic water efficiency
(A/gs). Values are means + s.e.m (n = 8). Asterisks indicate values that were determined by Student’s t
test to be significantly different (p < 0.05) between genotypes.
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Figure 5. Photosynthetic assimilation rate and stomatal conductance in Micro-Tom (WT) and
ARF4-antisense silencing line. (a) Net photosynthesis (A) curves in response to sub-stomatal (C;) CO,
concentration in WT and ARF4-as plants. Values are presented as means + s.e.m. (n = 5) obtained
using the fully expanded fifth leaf. Two-branch curves: the biochemically based leaf photosynthesis
model [24] was fitted to the data based on C;j, values of A/C; for five plants of WT (gray) and ARF4-as
(black). (b) Response of stomatal conductance (gs) to changes in leaf-to-air vapor pressure deficit
(VPD). Vapor pressure difference was varied by changing the humidity of air, keeping leaf temperature
constant. Each point represents one measurement on an individual plant.

Stomatal conductance is one of the main parameters that affect photosynthesis under osmotic
stress [34]. As stomatal behavior is closely linked to CO, uptake, it is considered to be one of the main
reasons for reduced photosynthesis [35]. Stomatal conductance was significantly lower in ARF4-as
compared to WT (Figure 4c). The response of stomatal conductance (gs) to changing air vapor pressure
deficit (VPD) was determined in ARF4-as and WT plants. Atlow VPD, WT plants exhibited high gs
and tended to reduce gs as VPD increased from 1.25 kPa to 2 kPa and maintained a moderate gs values
at higher VPDs. Meanwhile, ARF4-as plants presented a relatively low gs values at both low and high
VPD compared to WT plants (Figure 5b). We verified a similarly impaired stomatal response in ARF4-as
plants in response to step changes in irradiance and CO; levels (Figure S1), suggesting that ARF4 could
be an important player in the regulation of stomatal movements. Furthermore, intrinsic water-use
efficiency (WUE) was notably higher in ARF4-as plants (Figure 4d) suggesting that the downregulation
of SIARF4 has the potential to improve the ration of carbon assimilation to transpirational water loss.

Given this potential impact on carbon assimilation, we next sought to examine whether SIARF4
under-expression might affect plant agronomic parameters. Yield, number of fruits and fruit fresh
weight were not altered between WT and ARF4-as plants, whereas fruit shape was altered in ARF4-as
plants (Figure S2), as expected, given the well-known role of auxin in fruit development [12,36].
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3.2. ARF4 has Altered Expression in Response to Salt and Osmotic Stresses

The expression pattern of SIARF4 was analyzed by real-time PCR in leaves and roots exposed to
salt or drought stress. ARF4 gene expression was significantly regulated by salt and drought stresses.
SIARF4 expression was significantly repressed in leaves and roots after 2 hours of salt treatment while
its expression was significantly induced in leaves and roots after 24 h (Figure 6a,b). During drought
treatment, SIARF4 gene was slightly induced after 48 h of stress application in leaves (Figure 6c).
In drought stressed roots, SIARF4 was although significantly induced after 5 days of stress exposure
(Figure 6d). Tomato lines harboring pARF4::GUS constructs were generated and used to assay in planta
analysis of ARF4 expression under stress conditions. We observed strong expression in leaves, primary
root and root tip after 24 h of salt stress exposure (Figure 6e). After five days of osmotic treatment,
GUS activity was detected in the root system and in different parts of the leaf (Figure 6f).
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Figure 6. SIARF4 expression in response to salt and drought stresses. Gene expression in leaves (a)
and roots (b) of WT plants exposed to salt stress, in leaves (c) and roots (d) of WT plants exposed to
osmotic stress. AACt refers to differences in gene expression relative to untreated plants. Values are
mean =+ SD of three biological replicates. GUS activity in pARF4::GUS tomato lines in salt (e) or osmotic
(f) stress conditions. Bars scale (Imm). Stars (*) indicate the statistical significance (p < 0.05) according
to Student’s t-test.

3.3. ARF4 alters the Plants Response to Salt and Osmotic Stress

3.3.1. Shoot and Root Fresh Weight are Differentially Altered in ARF4 Transgenic Lines

Shoot fresh weight was investigated in WT and ARF4-as plants under salt and osmotic stress
conditions. In the absence of stress, fresh weight was significantly higher in the ARF4-as as compared
to WT (Figure 7a). Two levels of NaCl (100 mM and 150 mM) were applied, and both led to reductions
in shoot fresh weight in both genotypes. In response to 150 mM NaCl, shoot fresh weight decreased by
60% in WT plants respectively and only by 30% in ARF4-as plants (Figure 7a). In roots, the reduction

in the fresh weight was around 55% and 28% for WT and ARF4-as plants lines respectively (Figure 7c).

Similarly, to salt stress, osmotic stress affected plant growth. Shoot fresh weight decreased by 66% for
WT by 44% for ARF4-as plants when exposed to 15% of PEG 20000 (Figure 7b).
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Figure 7. Growth parameters of tomato wildtype (WT) and ARF4-as in response to salt and osmotic
stresses. (a,b) shoot fresh weight in salt and osmotic stress conditions respectively, (¢,d) root fresh weight
in salt and osmotic stress conditions respectively, (e,f) primary root length root in salt and osmotic stress
conditions respectively, (g,h) root density in salt and osmotic stress conditions respectively. Salt and
osmotic stresses were performed on three weeks tomato plants for two weeks by adding 100 mM of
NaCl or 150 mM of NaCl for salt stress or 5% or 15% of Polyethylene Glycol (PEG) 20,000 for osmotic
stress. Values are mean + SD of three biological replicates. Bars with different letters indicate the
statistical significance (p < 0.05) according to Student Newman-Keuls test.

Root fresh weight deceases significantly with the increase of PEG concentration. The decrease reached
57% in WT plants while the reduction was around 40% in ARF4-as in response to 15% of PEG20000
(Figure 7d).

3.3.2. Root Development and Density are Less Affected in ARF4-as Plants

Root development was investigated in WT and ARF4-as plants in response to different concentrations
of NaCl or PEG. Our results showed a significant reduction in primary root length in WT (by 40% in salt
stress condition and by 17% in response to osmotic stress) while the decrease was nearby 8% and 12% in
ARF4-as plants in response to salt and osmotic stress respectively (Figure 7e,f).

Root density was also investigated in the three lines under salt and osmotic stress conditions.

Our results showed that root density significantly increased with the increase of NaCl or PEG
concentrations in WT and in ARF4-as plants (Figure 7g,h). Root density increases by 57% in WT and
120% in ARF4-as., respectively. In response to osmotic stress, both plant lines showed a significant
increase in root density. At 5% of PEG 20,000, root density increased by 50% and 130% in WT and
ARF4-as plants respectively.

3.4. ARF4-as Plants are Less Affected by Salt and Osmotic Stress

3.4.1. Photosynthesis is Less Affected in ARF4-as Plants

Photosynthesis is among the primary processes to be affected by salinity and drought stress [37].

Our results showed that total chlorophyll content decreased significantly in WT plants exposed to
different concentrations of NaCl while no significant changes in chlorophyll content was detected in
ARF4-as plants (Figure S3). At 150 mM of NaCl, total chlorophyll content decreased only by 4% in the
ARF4-as plants as compared to the control. Meanwhile, the diminution of total chlorophyll content
was around 62.8% respectively in WT at 150 mM of NaCl compared to the control. The drastic decline

in total chlorophyll content was also observed as a result of osmotic stress application on WT plants.

The reduction in total chlorophyll content averaged the 37% in WT plants cultivated at 15% of PEG
20,000 respectively (Figure S3). Meanwhile, total chlorophyll content increased significantly ARF4-as in
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response to osmotic stress. In fact, the average of chlorophyll content was 1.2 times higher in ARF4-as
at 15% PEG 20,000 than at 0% PEG 20,000.

3.4.2. Sugars are Highly Accumulated in ARF4-as Plants in Stress Conditions

Soluble carbohydrates content was next investigated in ARF4-as and WT plant lines in response to
different concentrations of NaCl or PEG. In response to salt stress, leaf soluble sugar content decreased
by 57.5% in WT plants and was increased by 146% in ARF4-as line exposed to 150 mM of NaCl for
2 weeks (Figure S3). In roots, soluble sugar content was also decreased in WT by 49.4%, while an
increase around the 191% in soluble sugar content was detected in ARF4-as plants. PEG induced
osmotic stress imposed to plants significantly decreased soluble sugar contents at all the stress levels in
WT and ARF4-as plants. Leaf soluble sugar content decreased by 42.8% and 18% respectively in WT and
ARF4-as plants exposed to 15% of PEG 20,000. In roots, PEG application induced a significant decrease
in soluble sugar content by 41.1% (at 15% of PEG 20,000) in WT plants respectively. Meanwhile, a
significant increase in soluble carbohydrates content was although reported in ARF4-as plants and
reached the 67% at 15% PEG 20,000 as compared to the control.

Carbohydrates produced in leaves during photosynthesis are transported throughout the plant
by SUTs in order to support plant growth. The SUT1 proteins are involved in the movement of sucrose
into and out of the source and sink tissues and through the phloem via apoplastic pathways [38].
Investigating the expression of the sucrose transporter SISUT1 under salt and osmotic stresses had
revealed that its expression was induced in WT and ARF4-as leaves and roots exposed to salt stress
(Figure S4). These findings were also detected in response to osmotic stress. In osmotic stressed leaves,
SISUT1 was significantly induced in WT and ARF4-as plants. In roots, the expression of SISUT1 was
also up-regulated significantly.

3.4.3. ARF4-as Plants Showed Lower Stomatal Conductance

Stomata play a key role in plant response to environmental changes as they control both water loss
and CO, uptake [39]. Stomatal conductance was estimated in WT and ARF4-as plants in salt or osmotic
stress (Figure 8a,b). Under normal conditions, ARF4-as plants exhibited low stomatal conductance as
compared to WT plants. Salt and osmotic stress application induces a significant decrease in stomatal
conductance in WT. In fact, the reduction in stomatal conductance observed in the WT was around
32% and 46% in response to salt and osmotic stress respectively. Meanwhile, no significant changes
in stomatal conductance were detected in ARF4-as plants, that still maintained the same values of
stomatal conductance observed in normal conditions.
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Figure 8. Stomatal conductance and relative water content in WT and ARF4-as plants. (a,b) stomatal
conductance in salt and osmotic stress conditions, (c) relative water content in response to dehydration. Bars
with different letters indicate the statistical significance (p < 0.05) according to Student Newman-Keuls test.
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Stomatal closure can be trigged by various internal and external factors. Schultz (2003) have shown

that the decline in leaf water potential can trigger stomatal closure under stressful conditions [40].

Relative water content (RWC) was investigated in WT and ARF4-as plants. A remarkable decrease in
RWC was observed in both lines (Figure 8c). Up to 25% and 15% of water losses was recorded during
the first 30 min of dehydration in WT and ARF4-as plants respectively. RWC reached 65% in WT and
after 3 h of dehydration while a 28% decrease of water losses was found in ARF4-as plants.

3.4.4. ARF4-as Plants Exhibited A High ABA Content

As ABA is the key hormone for regulating stomatal aperture and thus RWC [41], endogenous
ABA content of 5 weeks ARF4-as and WT plants in normal or under salt and osmotic conditions were
then measured in leaf tissues. Our results showed that the ABA content in ARF4-as increased by 120%
and 101% under salt and osmotic stress conditions respectively whereas in WT plants increased by
only 20% in salt conditions and decreased by 26% in PEG treatment (Table 1).

Table 1. Abscisic Acid (ABA)content (expressed in umol/g of FW) in WT and ARF4-as leaves in response
to salt or osmotic stress conditions. Values presented are mean + SD of three biological replicates
(except for data related to ARF4-as plants in osmotic stress conditions, where only two biological
replicates were done).

Salt Stress Osmotic Stress
0mM NaCl 150 mM NaCl 0% PEG 15% PEG
WT 0.1272 0.1454 0.0681 0.05
ARF4-as 0.1151 0.2636 0.0636 0.1272

Endogenous ABA content is controlled by to the balance between its biosynthesis and its degradation.
In tomato, two genes, SINCED1 and SINCED2, encoding 9-cis-epoxycarotenoid dioxygenases are
responsible for ABA biosynthesis, whereas SICYP707A1, SICYP707A2, SICYP707A3 and SICYP707A4
encoding ABA 8'-hydroxylase are responsible for ABA catabolism [42]. Investigating the expression of
these genes in WT and the ARF4-as plants revealed that their expression was significantly regulated by
salt or osmotic stress application (Figure 9). Indeed, SINCED1 expression was significantly induced in
ARF4-as leaves after 2 h and 24 h of salt stress exposure while no significant changes was observed in
roots. In WT, the expression of SINCED1 was significantly up regulated in leaves and roots after 24 h of
salt treatment. In response to osmotic stress, the expression of SINCED1 was significantly up-regulated in
ARF4-as roots while no significant change in SINCED1 expression was detected in WT plants. SINCED2
expression was significantly induced in the ARF4-as leaves after 2 h and 24 h of salt application and in
WT after 24 h. A significant increase in the expression of SINCED2 was detected in ARF4-as plants in
response to osmotic stress.

The expression pattern of SICYP707A1, SICYP707A2 and SICYP707A3, key ABA degradation
genes was also assessed in ARF4-as and WT plants under salt and osmotic stress conditions (Figure 9).
Quantitative RT-PCR results showed that the expression of the ABA metabolism genes was up-regulated
in WT leaves after 2 h and 24 h of salt stress exposure. In roots, the expression of SICYP707A1 and
SICYP707A3 was up regulated in WT plants in response to salt stress while a significant repression was
reported in the expression of SICYP707A2. Although, the expression of the ABA metabolism genes
expression was repressed in the ARF4-as salt stressed roots. In response to osmotic stress, the expression
of CYP707A1, CYP707A2 and CYP707A3 was repressed in ARF4-as plants while their expression was up
regulated in WT roots and downregulated in leaves.
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Figure 9. Expression of SINCED1, SINCED2, SICYP707A1, SICYP707A2 and SICYP707A3 genes in WT
and ARF4-as leaves and roots after 2 h and 24 h of salt stress and 48 h of osmotic stress application.
AACt refers to fold differences in gene expression relative to untreated plants. Values presented are
mean + SD of three biological replicates. Asterisks (*) indicate the statistical significance (p < 0.05)
according to Student’s t-test.

3.5. Antioxidant Genes Expression is Altered in Response to Salinity and Osmotic Stress

3.5.1. Catl (Catalase) Expression in Response to Salt and Osmotic Stress

Catalases are tetrameric heme-containing enzymes with the potential to directly degrade H,O, into

H,0O and O, and essential for ROS detoxification [43]. In angiosperms, catalase is encoded by three genes:

Cat1, Cat2 and Cat3 [44]. We investigated Catl expression in WT and ARF4-as plants exposed to salt
and osmotic stresses. Cat1 expression was induced in ARF4-as plants exposed to salt stress. A high up
regulation in Cat1 expression was detected in WT roots in response to salt stress (Figure S5). In osmotic
stressed leaves, Cat1 expression was significantly induced in WT while a remarkable but not significant
repression was observed in ARF4-as plants. Meanwhile, Cat1 gene expression was highly up regulated
or repressed in WT and ARF4-as plant roots respectively.
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3.5.2. SOD (Superoxide Dismutase) Expression in Response Salt and Osmotic Stress

Superoxide dismutase (SOD) is an enzyme that belongs to the family of metalloenzymes ubiquitous
in all aerobic organisms. It is one of the first defenses against ROS induced damages by catalyzing the
removal of O~ by scavenging it into O, and H,O; [43,44]. Based on the metal ion it binds, SOD are
classified into three isozymes; Mn-SOD (in mitochondria), Fe-SOD (in chloroplasts) and Cu/ZnSOD
(in cytosol, peroxisomes and chloroplasts) [43]. Investigating the expression of C1/ZnSOD revealed

that its expression was remarkably repressed in WT plants subjected to salt and osmotic stresses.

Meanwhile, Ciy/ZnSOD gene expression was induced in ARF4-as leaves in response to salt and osmotic
stresses while its expression was repressed in the roots (Figure S5).

3.5.3. mdhar (Monodehydroxyascorbate Reductase) Expression in Response to Salt and Osmotic Stress

Monodehydroxyascorbate reductase (MDHAR) is another enzymatic antioxidant indirectly
involved in the ROS scavenging through regenerating ascorbic acid, indispensable for the degradation
of HyO; by the APX enzyme [43]. Investigating the expression pattern of mdhar gene in salt stress
conditions revealed a significant up regulation in ARF4-as leaves and roots while its expression was
repressed in WT plants (Figure S5). In response to osmotic stress, the expression of mdhar was slightly
upregulated in ARF4-as leaves. In roots, mdhar is significantly up regulated in ARF4-as plant line.

3.6. SIARF4-Crispr Mutant Exhibited Similar Alteration in Growth and Stomatal Functions Observed in
ARF4-as Plants

SIARF4 mutants were also generated using CRISPR-Cas9 technology. Two target sequences were
located in the SIARF4 DBD domain and guide RNAs designed to target them. The transformants from T1
generation of line 108 were genotyped (by PCR and DNA sequencing). Based on PCR results, plants #5,
#6 and #7 yielded a DNA fragment with a 49bp DNA deletion. The Cas9 transgene was segregated out
in plant #5 while still bearing the desired mutation of SIARF4 gene. The presence of Cas9 gene in arf4-cr
mutants was confirmed in two of the three randomly analyzed plants (Figure 10a). DNA sequencing
of ARF4-PCR product from plant #5 and #6 revealed that plant #5 harbored a single fragment type
containing the expected 49bp DNA deletion. However, only four out of 10 PCR clones from plant #6
hold the 49bp deletion in the DBD domain while the remaining 6 PCR clones showed although a small
deletion in both target regions (Figure 10b). At the morphological level, the T1 generation plants showed
dramatic up curling phenotype, similar to ARF4-as plants (Figure 10c, d).

Besides the leaf curling phenotype, the arf4-cr mutant (#5) showed a significant decrease in leaf, root
and stem dry weight as compared to its WT siblings (Figure 11a—c). Leaf area was also significantly lower
in SIARF4-Crispr plants (Figure 11d). Moreover, as expected, net CO; assimilation rate (A) and stomatal
conductance (gs) was significantly lower in arf4-cr plants than in WT while water use efficiency was
significantly higher in arf4-cr mutant (Figure 12). Regarding the agronomical traits, plant productivity and
quality were not affected by knoking out SIARF4 with CRISPR technology. Yield and fruit fresh weight
of arf4-cr plants were slightly but not significantly higher as compared to WT while equatorial and polar
diameter of arfd-cr fruits were significantly higher (Figure S6). arf4-cr plants showed similar growth and
stomatal variations compared to ARF4-as plants mainly in stem weight, root weight, CO, assimilation
and stomatal conductance (Figure 2, Figure 4 and Figure S3). Thus, these results pointed out the efficiency
of CRISPR technology as a substitute to the antisense technology for gene manipulation.
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Figure 10. CRISPR-Cas9 mediated gene editing in tomato Micro-Tom. (a) PCR genotyping of plants at
the T1 generation of line-108. Deletion mutations of SIARF4 were found in plants #4, #5, #6 and #7.
Among these, the T-DNA insertion (CRISPR-Cas9 transgene) was segregated out in plant #5 while still
bearing the desired mutation in the SIARF4 gene. (b) Sequencing data of ARF4-PCR products from #5
and #6 plants. The PCR products from plant #5 yielded a single fragment type containing the expected
49bp DNA deletion, whereas in the case of plant #6, only 4 out of 10 PCR clones contain the desired
mutation, the remaining 6 PCR clones exhibited a small deletion in both target regions. Red dashed
indicated the expected cleavage sites for CRISPR-Cas9. (c) Leaf phenotype of CRISPR-Cas9 generated
ARF4 mutants. (d) All four plants showed dramatic leaf curling, similar to the phenotype observed in
ARF4-as plants.
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Figure 11. Dry weight and parameters related with leaf area for Micro-Tom (WT) and arf4-cr, 45 days
after germination. (a) leaf dry weight, (b) stem dry weight, (¢) root dry weight, (d) leaf area and
(e) Specific leaf area (SLA). Values are means + s.e.m (1 = 8). Asterisks indicate values that were
determined by Student’s t test to be significantly different (p < 0.05) from the Micro-tom (WT).
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Figure 12. Relationship between net CO, assimilation rate (A) and stomatal conductance (gs) for
Micro-Tom (WT) and arf4-cr. (a) CO, assimilation rate (A) as a function of stomatal conductance (gs),
(b) net CO, assimilation rate (A), (c) stomatal conductance (gs), (d) intrinsic water efficiency (A/gs).
Values are means + s.e.m (1 = 8). Asterisks indicate values that were determined by Student’s t test to
be significantly different (p < 0.05) from the wild type (WT).

4. Discussion

In the face of a global scarcity of water resources and the increased water and soil salinization,
abiotic stresses present major challenges in sustaining crop yield. Plant tolerance to these stresses relies
on the implementation of molecular mechanisms for cellular adjustments, including signal perception
and transduction cascades, transcriptional networks and adaptive metabolic pathways. Plant hormones
such as ABA, ethylene and SA play an important role in mediating plant responses to stresses. Auxin,
the key regulator of many aspects of plant growth and development, could be a key player in plant
response to biotic and abiotic stress. ARFs play crucial role in auxin signaling. ARF4 is involved in the
regulation of several processes such as lateral root development, fruit quality and development [14,15,45].
Here, we demonstrated that the downregulation of ARF4 confers tolerance to salt and osmotic stress.
Interestingly, even under stress conditions, ARF4-as plants show (i) a normal plant development, (ii) high
chlorophyll content along with a significant accumulation of sugars, (iii) an increase in ABA content and
a higher WUE, (iv) a significant upregulation of antioxidants and thus (iv) an enhanced stress tolerance
compared to WT plants. These multiple fitness benefits obtained by downregulating ARF4 in plants
constitute a desirable trait for horticultural crops.

Successful plant growth relies on the plasticity in leaf anatomical characteristics, which enables
plants to cope with diverse stress environments [46]. The transcriptional downregulation of ARF4 leads
to severe leaf curling along the longitudinal axis which was consistent with that observed in DR12-ASL
lines generated in the Kemer cultivar by Jones et al. (2002) and those obtained in Micro Tom by Sagar
et al. (2013) [14,15]. Leaf rolling is a one of the most common responses to water stress [47]. It has been
reported that greater leaf rolling may be an important indicator linked to osmotic tolerance and may have
a positive impact on crop yield under water stress conditions [48]. Plants with a leaf rolling mechanism
exhibit a resistance to osmotic and high temperature and had higher WUE. This was explained by the
fact that leaf rolling reduced transpiration rate [47].

Plants’ tolerance to abiotic stress depends also on their ability to adjust the relationship between
water, transpiration, photosynthesis and water use efficiency through stomatal changes in order to
maximize CO, assimilation [49]. In fact, the decrease in stomatal conductance can enhance plant
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tolerance to osmotic stress of many plant species such as chickpea and rice [50,51]. ARF4-as plants
showed decreased stomatal conductance coupled with an increase in WUE, suggesting that the
downregulation of ARF4 can lead to a better tolerance to abiotic stresses. Thus, the combination of a
marked leaf curling phenotype associated with decreased gs and high WUE in ARF4-as plants suggests
that these plants might tolerate better salinity and water deficit.

The auxin response has emerged recently as an active player in plant response to abiotic stresses [51].
Extensive research has shown that various environmental signals are associated with changes in auxin
homeostasis, redistribution, and signaling [52]. Accumulating evidence indicates that auxin plays a
role in plant responses to abiotic stresses through complex metabolic and signaling networks. Auxin
coordinates plant development essentially through two groups of transcriptional regulators Aux/IAA
and ARFs [3]. Genome-wide expression analyses have suggested that the expression of numerous
ARF genes change when plants respond to abiotic stresses in many plant species [7,9,53,54]. In tomato,
expression profiling of the ARF family under abiotic stress conditions showed that most of the tomato
ARFs were responsive and some of them were significantly regulated [17]. Among them, SIARF4
expression was significantly induced in tomato plants in response to salt (24 h) or drought (five days).
Additionally, the SIARF4 regulatory region was enriched in cis-acting elements specific to salinity and
water deficit response [17]. In this work, ARF4 expression assessed both in vitro and in planta was
affected by either salt, drought or osmotic treatment, which suggests that this gene is involved in
tomato response to those stresses.

Plant growth and development are heavily constrained by salinity and water deficit [55]. In the
current study, plant growth evaluated through fresh weight was significantly affected in WT and
ARF4-as transgenic plants in response to salt or osmotic stress. The reduction in fresh weight was
reported in many plant species which includes barley and cabbage in response to salinity or water
deficit [56,57]. The decrease in seedling growth (evaluated through the measurement of fresh weight)
is due to restricted cell division and enlargement, as salt and drought stress directly reduces growth
by decreasing cell division and elongation [58]. However, the reduction in fresh weight was less
pronounced in the ARF4-as plants which suggest that ARF4-as plants might tolerate better salt and
osmotic stress than the other plant lines.

The root system is the first organ to encounter salinity and drought stress. Root development can
be severely affected by environmental stresses [59]. In Arabidopsis, root length and development was
significantly reduced in response to salinity [60]. In this study, we had noticed a significant decrease in
primary root length in WT and in ARF4-as plants in response to salt or osmotic stress conditions as
compared with normal conditions. However, less reduction was reported in ARF4-as plants. In general,
deeper rooting has been shown to be beneficial for plant production and survival as it increases
water uptake which confer the advantage to support plant growth during adverse conditions [61].
Numerous studies have linked plant stress tolerance with the increase in root length and density for
several plant species such as barley, sunflower, wheat, rice and cotton [37]. ARF4-as plants showed
less reduction in primary root length coupled with an increase in root density. ARF4 was found to be
implicated in defining root architecture in Arabidopsis under optimal growth conditions through the
control of lateral root emergence [45] which suggest that this gene might play an important role in root
architecture in stress conditions and thus contribute to the improvement tomato tolerance to salinity
and osmotic stress.

Plants” photosynthesis activity is known to be affected by abiotic stress [37]. Stress-induced
decrease in chlorophyll content have been reported in several plant species including tomato [62].
Zarafshar et al. (2014) explained this decrease as the result of pigment photo-oxidation and chlorophyll
degradation [63]. ARF4-as plants showed although a slight decrease in total chlorophyll content in
response to salt stress and a slight increase in osmotic stress conditions. Tomato tolerant genotypes
showed less reductions in photosynthetic pigments [64]. The lack of changes in chlorophyll content in
the ARF4-as plants shows the capacity to preserve the photosynthetic apparatus and thus indicates
their better tolerance to salinity and osmotic stress.
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Metabolic activities in plant cells are very complex, and various biochemical pathways are
interconnected with each other, working in coherence towards cellular homeostasis [65]. High concentration
of osmolytes including sugars help plants to tolerate abiotic stresses by improving their ability to preserve
osmotic balance within the cells [66]. To assess this, we studied sugars accumulation to correlate their levels
with the presence or the absence of SIARF4 function. We found that soluble sugars content (Figure S3)
increased more in ARF4-as transgenic plants than in WT in response to salt or osmotic stresses. Besides its
accumulation under stress conditions, sugars can be transported to different organs of the plant. SUTT;
gene encoding for a sucrose transporter, was found to be upregulated in ARF4-as plants in response to salt
or osmotic stress. Previous studies had reported an increase in SUTT transcript in sugarcane leaves after
24 h of osmotic treatment with PEG [67]. Thus, its upregulation in ARF4-as might improve tolerance to
osmotic and salinity through the stimulation of sucrose transport required for the osmoregulation and for
the cellular energy demands during salt or osmotic stresses.

Stomata are known for their role in the regulation of gas exchange and water loss by
transpiration [68]. Their opening and closing is affected by environmental and internal parameters
that maintain the water balance and functioning of complex signal transduction pathways [69]. Salt,
drought and osmotic tolerance was correlated with a decline in stomatal conductance in many plant
species [50,70]. In this work, we found that the downregulation of SIARF4 resulted in reduced stomatal
conductance under salt and osmotic stresses along with a high RWC, which suggests the involvement
of ARF4 in the regulation of stomatal closure in order to prevent water loss through transpiration to
cope with salt or drought conditions.

ABA content is closely defined by the balance between its biosynthesis and biodegradation.
In tomato, ABA biosynthesis is governed by the activity of SINCED1 and SINCED?2, whereas SICYP707A1,
SICYP707A2, SICYP707A3 and SICYP707A4 encoding ABA 8’-hydroxylase are main genes for ABA
catabolism [42]. Water stress is known to induce the expression of NCED genes in tomato [71]. Moreover,
transgenic plants overexpressing the NCED gene accumulated large amounts of ABA and were more
resistant to drought stress [72]. Regarding ABA biodegradation genes, Arabidopsis knock-out mutant
cyp707a3-1 accumulated higher endogenous ABA levels coupled with a reduced transpiration rate,
thereby resulting in a phenotype exhibiting enhanced tolerance to drought stress [73]. The significant
increase in SINCED1 expression in ARF4-as leaves and roots along with the repression of the three ABA
catabolism genes in normal and salt stress conditions explain the increase in the concentration of ABA in
leaves. This finding suggests the involvement of ARF4 in the regulation of ABA synthesis and provides
clues on the existence of a possible cross talk between auxin and ABA signaling pathways.

In plants, abiotic stresses induce the overproduction of reactive oxygen species (ROS), a highly
reactive and toxic molecules that cause damage to proteins, lipids, carbohydrates and DNA and results
ultimately in oxidative stress [43]. The ability of plants to mitigate the negative effects of abiotic stresses
relays on the efficiency of the antioxidant defense systems to protect plant cells from oxidative damage
by scavenging ROS accumulation. The key enzymatic antioxidants are catalase, superoxide dismutase
(SOD), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR) [43]. Several
studies have linked abiotic stress tolerance to an overproduction of antioxydants in many plant species
including tomato [74]. Genetic manipulation of genes encoding for these antioxydants increased plant
tolerance to a wide range of abiotic stresses. For instance, the overproduction of a bacterial cat1 gene
improved tolerance to salinity in tomato [69]. Rice plants engineered to express a bacterial cat1 gene
showed increased tolerance to osmotic stress [75]. The overexpression of Rice cytosolic Cu/Zn-SOD
in chloroplasts of tobacco plant improved their photosynthetic performance during photooxidative
stresses such as high salt or drought stresses [76]. The overexpression of mdhar in transgenic tobacco
increased the tolerance against salt and osmotic stresses [77]. Here, we found that the expression of
mdhar and SOD genes was significantly upregulated in ARF4-as plants in response to either salt or
osmotic stress, which suggest that the down regulation of ARF4 improved tomato tolerance to salt and
osmotic stresses by reducing ROS accumulation mainly through antioxidant enzymes activities.

101



Genes 2020, 11,272 21 of 25

The down regulation of SIARF4 induced many alterations on plant growth and stomatal functions.
ARF4-as plants exhibited leaf-curling phenotype, low stomatal conductance along with an increase in
WUE. We have previously demonstrated a connection between flowering time, auxin signaling and
WUE in tomato [78,79]. It will be interesting to explore the role of ARF4 in these pathways. In response
to stress, the down regulation of ARF4 results in a better root development, an accumulation of sugars
and a high chlorophyll content alongside with a low stomatal conductance, a high RWC and ABA
content. The expression of some antioxidant genes and ABA biosynthesis genes was significantly
induced in ARF4-as plants conferring to these transgenic plants a better tolerance to salinity and osmotic
stress. ARF4 CRISPR mutant shared similar growth and stomatal responses than those observed
in ARF4-as. Thus, the use of gene-editing technology could represent a promising avenue for the
incorporation of valuable abiotic stress tolerance traits in tomato and other horticultural crops [80,81].

5. Conclusions

This study provides clues on the involvement of ARF4 in the acquisition of salt and drought
tolerance in tomato. We found that the downregulation of SIARF4 increases tomato tolerance to
salinity and drought stress. Indeed, loss of SIARF4 function increases root length and density resulting
in improved development of the root system. Furthermore, ARF4-as plants displayed leaf curling,
lower stomatal conductance, higher WUE under normal conditions and maintained high level of
chlorophyll content even in stress conditions suggesting that their photosynthetic activity was less
affected by stress. Total carbohydrates were accumulated in high proportion in photosynthetic tissues
of ARF4-as plants. At the molecular level, the expression of the sucrose transporter LeSUT1 was
significantly up-regulated in ARF4-as which might explain carbohydrates accumulation in root tissues.
Cu/ZnSOD and mdhar genes were found to be up-regulated in ARF4-as plants suggesting that ARF4-as
mutant is more tolerant to salt and water stress. Furthermore, SIARF4-as plants showed a significant
increase in ABA content associated with a low stomatal conductance under stressful conditions.
This increase in ABA content is due to the activation of ABA biosynthesis genes and the repression of
ABA catabolism genes. Besides, ARF4 mutant generated by CRISPR technology (arf4-cr) displayed
similar growth and stomatal responses as ARF4-as which enable us to confirm the role of SIARF4.
taken together, the data presented in this work brings new elements on auxin involvement in stress
tolerance in tomato and underlines the role of ARF4 in this process providing new insights for the use
of genetic editing technologies to breed abiotic stress tolerant crops.
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GENERAL CONCLUSION AND PERSPECTIVES

In light of current and future concerns surrounding the effects of adverse weather
factors on food production. Our data provide a detailed characterization of leaf morphological
and physiological traits that can significantly aid in the process of improving tomato
resistance to drought conditions. The identification of genes responsible for leaf traits such as
succulence, mesophyll cell anatomy, stomatal and vein density, and vascular bundle sheath
extension is an important step toward understanding how plants control these traits under
stressful conditions and how we can utilize them to produce more resilient plants. Finally, we
suggest the existence of important S. pen genes responsible for changes in leaf traits that may
improve the resistance of commercial tomato plants to water deficit conditions. Furthermore,
we demonstrate the important, yet understudied, the role of the auxin signaling network on
resistance to abiotic stresses.

In the first chapter of this work, we characterized 1L.2-5, 1L4-3, and IL2-5/4-3 and
demonstrated that the leaf anatomical and morphological traits of these ILs can enhance the
drought resistance capacity of tomato plants. After removal of irrigation, these ILs showed
delayed leaf wilting, improved maintenance of leaf water status and leaf gas exchange,
reduced damage to photosynthetic machinery and increased resilience. We attribute these
behaviors during drought to increased leaf thickness and succulence, as well as reduced leaf
area and stomatal density. We saw that, relative to its parents, IL.2-5/4-3 showed an additive
phenotype with greater leaf thickness, also exhibiting better root system development under
drought conditions. Both ILs showed higher drought resistance compared to cv. M82. In this
work, we also demonstrated that the anatomical changes manifested by these ILs do not alter
the ability to perform leaf gas exchange. On the other hand, we demonstrated that these
changes may benefit the increase in the photosynthetic capacity of the plants. By analyzing
the responses of the parental ILs alone, we saw that IL4-3 can significantly contribute to the
maintenance of tomato yield after a period of drought. In the future, the use of sub-lineages of
IL2-5 and IL4-3 may help in accurately mapping the genetic basis of phenotypes with
increased leaf thickness and succulence.

In the second chapter, we identified allelic variation in the OBV gene in tomato, which
is responsible for controlling the development of BSEs. We showed that BSEs play an
important role in the physiological and hydraulic functions of leaves, increasing hydraulic
conductivity and photosynthesis. In this work, we saw that mutation of this gene disrupts a

C2H2 zinc finger motif in the OBV protein, resulting in the absence of BSEs in leaves. Here,
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we also show that OBV can generate changes in leaf insertion angle, leaf margin serration,
smaller vein density, and fruit shape through changes in auxin signaling. The discovery of the
OBV gene enables an improved understanding of the role of BSEs in plant ecophysiological
responses and is also a key step towards insertion and exploitation of the key benefits of BSEs
in agronomically important species.

Finally, in the third chapter, we explore the involvement of ARF4 in tomato responses
to drought, salinity, and osmotic stress and confirm its role in resistance to these stresses
using CRISPR technology. Here, we show that negative regulation of SIARF4 can enhance
tomato resistance to salinity and water stress. Loss-of-function of ARF4 enhances root system
development through changes in length and density. We demonstrated that the ARF4-as leaf
curl phenotype comes accompanied by lower stomatal conductance, higher WUE, as well as
reduced stress damage to photosynthetic pigments. Here, we saw that ARF4-as showed an
expressive increase in ABA content in drought, which was caused by activation of
biosynthesis-related genes as well as repression of ABA catabolism genes in this genotype.
Thus, we demonstrate that an ARF4 mutant generated by CRISPR technology exhibits similar
responses to ARF4-as, thus confirming the role of ARF4 in resistance to the stresses

discussed.



