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ABSTRACT

OMENA-GARCIA, Rebeca Patricia, D.Sc., Universidade Federal de Vigosa, July,
2017.Effects of gibberellin deficiency in the root-shoot adjustments during water
deficit in tomato plants. Advisor: Adriano Nunes Nesi.

Gibberellins (GAs) belong to a class of plant hormones with multiple functions in the
regulation of physiological processes associated with growth and development. It has
been suggested that GAs also play an important role for plant tolerance to a range of
adverse conditions. Especially on water deficit, little is known about the physiological
and metabolic implications of changes in the endogenous GAs levels in plants. GAs are
synthesized in young and actively growing organs in both leaves and roots beittg able
act locally or be transported to other tissues or organs. For a better understanding of the
GAs effects on growth and tolerance to water deficit distinct experimental approaches
were adopted. The first approach aimed to identify the physiological and metabolic
effects of reduced GAs levels in tomato mutant plants, defective in GA biosynthesis,
exposed to water deficit. The second approach aimed to understand the role of GA in
root growth, morphology and primary metabolism, while the third approach aimed at
understanding the regulation of organ growth through long-distance traffic of signaling
molecules by conducting vessels in GA-deficient plants. The results presented in this
thesis provided new information for the current knowledge involving GAs such as: (i)
GA content promotes acclimatization and tolerance to water deficiency by altering the
metabolism of proline and directing the biomass partitioning to the roots, maintaining
leaf turgor; (i) GAs alter the metabolism of amino acids and organic acids promoting
greater root growth compared to shoot suggesting that root growth and primary
metabolism is decoupled from shoot in GA deficient plants; (iii) shoot and root growth
is reversed in scions and rootstocks mutant probably due to long-distance signals
transport between these organs, and the GAs mobility may be strongly involved. Thus,
the results presented here demonstrate that GAs are involved not only in regulating

plant growth as a whole but also in stress responses.
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RESUMO

OMENA-GARCIA, Rebeca Patricia, D.Sc., Universidade Federal de Vigosa, julho de
2017.Efeitos da deficiéncia de giberelinas no ajustamento raiz-parte aérea durante
deficiéncia hidrica em plantas de tomateOrientador: Adriano Nunes Nesi.

As giberelinas (GAs) pertencem a uma classe de hormonios vegetais com multiplas
funcbes na regulacdo de processos fisioldgicos associados ao crescimento e
desenvolvimento. Sugere-se que as GAs podem desempenhar um papel importante na
tolerancia de planta a uma série de condi¢cdes adversas. Especialmente sobre deficiéncia
hidrica, pouco se sabe sobre as implicacdes fisiologicas e metabdlicas das mudancas nos
niveis enddgenos de GAs nas plantas. As GAs podem ser sintetizadas em 6rgdos jovens
e ativamente crescentes, tanto em folhas quanto em raizes, podendo agir localmente ou
ser transportadas para outros tecidos ou 6rgdos. Diante do exposto, para um melhor
entendimento dos efeitos da GAs no crescimento e tolerancia a deficiéncia hidrica
diferentes abordagens experimentais foram adotadas. A primeira buscou identificar os
efeitos fisiolégicos e metabdlicos do reduzido nivel de GAs em plantas de tomate
mutantes na biossintese de GAs quando expostas a deficiéncia hidrica. A segunda
abordagem teve o objetivo de compreender o papel das GA no crescimento, morfologia
e metabolismo primério de raizes enquanto a terceira abordagem visou o entendimento
da regulacdo do crescimento de Orgdos através do trafego a longas distancias de
moléculas sinalizadoras pelos vasos condutores em plantas deficientes em GAs. Os
resultados apresentados nesta tese forneceram novas informacfes para o conhecimento
atual que envolve as GAs: (i) o contetdo de GA promove aclimatacdo e tolerancia a
deficiéncia hidrica por alterar o metabolismo da prolina e direcionar a alocacao de
biomassa para as raizes mantendo o turgor foliar; (ii) as GAs alteram o metabolismo de
aminoacidos e &acidos organicos promovendo maior crescimento radicular em
comparacao com a parte aérea sugerindo que o crescimento e o metabolismo primario
de raizes é desacoplado da parte aérea em plantas deficientes em GA e; (iii) o
crescimento da parte aérea e radicular é revertido em enxertos e porta-enxertos mutantes
provavelmente devido ao transporte a longas distancias de sinais entre esses 6rgaos,
podendo fortemente ser GAs moéveis. Portansaesultados apresentados demonstram

gue as GAs estao envolvidas na regulacéo do crescimento da planta como um todo e nas

respostas a estresses.
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General introduction

Plant hormones are low molecular weight natural products that act at micromolar
(or very low) concentrations to regulate all physiological and developmental processes
during the plant life cycle (Chiwocha et al., 2003). Classes of phytohormones have been
identified and characterized in plants. Among them, eight are very well known:
gibberellins (GAs), auxins, abscisic acids, cytokinins, ethylene, brassinosteroids,
jasmonates and strigolactones (Chiwocha et al., ;2088straelen and Benkova, 2012
Li and He, 2013).

GAs belong to a class of plant hormones with multiple functions in the
regulation of physiological processes associated by growth and development (Hedden
and Kamiya, 19970Iszewski et al., 2002Sakamoto et al., 20045un and Gubler,

2004 Zhu et al., 2006Gao et al., 2011). Physiologically, the main effect of GAs on
superior plants is stimulating organ growth through cell stretching and, in some cases,
cell division. In addition, GAs promote phase transition during development, such as
between seed dormancy and germination, juvenile and adult growth phases, and
vegetative and reproductive development (Hedden and Thomas, 2012). GAs also play
important role in fertility and act in response to development (intrinsic) and in responses
to environmental stimuli (extrinsic), which can regulate their biosynthesis, inactivation,
perception or signal transduction, acting at various pathway points (Hedden and
Thomas, 2012).

In shoot and roots, GAs are synthesized in young and actively growing organs,
such as developing leaves and expanding internodes (Smith et al., 1992), which are also
sites of action of these GAs (Hedden, 2012). GAs are synthesized from carotenoid
precursors through various GAs biosynthesis pathways that differ in hydroxylation
pattern and have been identified in a different plant species (Hedden and Thomas,
2012). Levels of GAs are limited by the final stages of their biosynthesis and the GAs
responses are regulated by negative feedback in which high concentrations of GAs
downregulate their own biosynthesis path and positive feedback acting on their
catabolism or inactivation (Hedden e Kamiya, 1997, Yamaguchi e Kamiya, 2000).
Bioactive GAs are produced by the action of GA20-oxidases @raydoxylases.
GAZ20-oxidases convert GAto GAs from the non-hydroxylating pathway and 640
GA2 from the C-13 hydroxylation pathway. Subsequentlys @ad GAo are converted
into bioactive GAs, GA and GA, respectively, by the action of 3p-hydroxylases



(Hedden e Phillips, 2000). Many different GAs structures have been identified in plants
but a few of these act as endogenous growth regulators because they are precursors of
the biosynthetic pathway or are in their inactive form (Cowling et al.,;T@&&aguchil

and Kamiya, 2000Richards et al., 2001).

Relatively few GAs have intrinsic biological activity in higher plants
(angiosperms), the most common active forms being, @\, GA: and GA. The
universal occurrence of GAand GA in plants suggests that these are the functionally
active forms for promoting growth. Giberelins £GAs), known as gibberellic acid, is
the main product of the fungus Gibberella fujikuroi (now reclassified as Fusarium
fujikuroi) which is produced for commercial application but is also endogenous in some
evolved plant species (Hedden and Thomas, 2012}. &84 G4, in contrast to GA
and GA, contain a double bond between C-1 and C-2 and also have intrinsic biological
activity, but with exception of developing seeds of certain species, and are usually
present in plants in a low concentrations when compared to their saturated analogs
(Hedden, 2012). The intrinsic biological activity and, therefore, the hormonal function
of these molecules has been verified from analysis of mutants GAs deficient (Hedden
and Phillips, 2000).

The GA-biosynthetic pathway can be divided into three stages according to
subcellular compartmentalization and the nature of the enzymes involved (Figure 1).
The first stage occurs in plastids and results in the formation of the hydrocarbon ent-
kaurene from geranylgeranyl diphosphate by separate enzymes, ent-copalyl diphosphate
synthase (CPS) and ent-kaurene synthase (KS). In the second stage that happen in the
endoplasmic reticulum membrane by two membrane-associated cytochrome P450
monooxygenases (P450s) to formation 1&AThis multifunctional P450s are ent-
kaurene oxidase (KO) converts ent-kaurene through ent-kaurenol and ent-kaurenal to
ent-kaurenoic acid, which is converted by ent-kaurenoic acid oxidase (KAO) tp GA
via ent7a-hydroxykaurenoic acid and GAaldehyde. The G£ lies at a branch point
in the biosynthetic pathway: 13-hydroxylation to £Anitiates the formation of 13-
hydroxylated GAs, whereas 20-oxidation results in the production of non-13-
hydroxyGAs. The conversion of GAand GAs by GA 13oxidase in parallel pathways
to the active end-products of the pathway,sGAd GA, that is the final stage. The
formation of the active hormones happen by several stapes of oxidation through the
action of soluble 2-oxoglutarate-dependent dioxygenases (2-ODDs), named GA 20-



oxidase and GA 3-oxidase. In the reaction sequence catalysed by GA 20-oxidase, C-20
is oxidised to the alcohol and then aldehyde, from which it is removed to formghe C

GA product GA or its 13-hydroxylated analogue @AFinally, the active products of

the pathway, GA and GA, are formed in a single step from @Aand GA,
respectively, by the action of GA 3-oxidase. In addition, the GA 2-oxidase can to
convert active GAs, GAand GA, in inactive forms, GA and GAas, respectively.
Reactions that result in GA deactivation or prevent the formation of biologically active
hormones are catalysed by P450s and 2-ODDs (Hedden; Betlden and Thomas,

2012 Hedden and Sponsel, 2015).
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Figure 1. Gibberellin-biosynthetic pathway from geranylgeranyl diphosphate to the biolggical
active (GA and GA) and inactive products (GAand GAu).

It has been demonstrated that hormones are important players for the plant
responses to water deprivation. It is verified that high concentrations of ABA cause
stomatal closure and induce the expression of genes related to water stress (Seki et al.,
2007), such as genes responsible for the synthesis of osmotically active compounds
(Antoni et al., 2011). Furthermore, other growth promoting hormones such as
cytokinins and gibberellins (GAs) may also being involved in stress responses (Magome



et al., 2004 Achard et al., 2006Rivero et al., 2007Albacete et al., 2008Ha et al.,

2012). It is believed that the levels of these hormones in the plant affect their
performance under stress conditions and consequently their tolerance. Additionally,
besides cytokinin and GA, auxins and brassinosteroids are prominent, whereas, ABA,
ethylene, and jasmonic acid are commonly associated with stress responses (Wolters

and Juergens, 2009).

The relationship of GA levels and tolerance to abiotic stresses has been verified
in different plant species (Achard et al., 20B&ggio et al., 2010Dubois et al., 2013
Ho et al., 2013Nir et al., 2013 Nir et al., 2014 Yang et al., 2014)(Zawaski and
Busov, 2014). In tomato plants overexpressing of genes associated with GA catabolism
(AtGAMT1) presented a dwarf phenotype and water deficit tolerance. Further, these
plants showed lower transpiration rate under water limitation, which was attributed to
reduced stomatal conductance due to the smaller stomata with reduction of stomatal
pores presented (Nir et al., 201Blir et al.,, 2014). Other author suggest that
paclobutrazol (GA biosynthesis inhibitor) application could significantly improve
tolerance in tomato plants under limited water availability through selective changes in
morpho-physiology and induction of stress-related molecular processes (Pal et al.,
2016). The GA content is recognized as important for processes related to plant growth
and development (Olszewski et al., 2082n and Gubler, 200Zhu et al., 2006Gao
et al., 2011 Ribeiro et al., 2012), but little is known about the role of the GAs
metabolism in plants exposed to water deficit. Therefore, more studies in plants with
altered levels of endogenous GAs are still needed to better understand the mechanisms
responsible for responses presented by these plants since GAs are very likely to be

variable and not maintained under different extreme conditions.

Studies involving GAs and regulatory processes of shoot growth and
development are more common. GAs regulation in root development and elongation
mechanisms have not yet been fully elucidated and few studies have been found
(Tanimoto, 1987, 1994, 2012). It is worth mentioning that the role of GAs in root/shoot
ratio of several species is well known since the "green revolution” which introduction of
semi-annual varieties were introduced and enormous improvements in productivity
(Hedden, 2003). Understanding the role of GAs in roots came decades later using
severely GAs deficient plants, either genetically mutated in biosynthesis genes or using

GA inhibitors (Tanimoto, 2012). These studies provided valuable new information on a

5



roots GAs responses. For example, when using mutant plants in GAs biosynthesis, plant
active GA production is regulated locally, indicating that shoot regulation is different
from root regulation. Furthermore, roots elongation and thickening these plants can be
regulated by a lowest GA concentration and/or by a greater roots sensitivity to GA than
to stem giving advantage when GA production is limited (Tanimoto, 2012). In this
sense, it is still important studies that aim to understand the role of GAs in root growth,
morphology and metabolism to complement the findings so far.

Furthermore, the GAs are synthesized in leaves and roots young and actively
growing (Smith et al., 1992) which are also sites of action of these GAs (Hedden, 2012).
It has been previously reported that GAs in Arabidopsis roots are mainly accumulated in
the endoderm cells of stretching zone and the presence of an GA active transport
mechanism has also been strongly suggested (Shani et al.,, 2013). However, GAs
production in maturing leaves occurs in proplastids associated with the foliar vascular
system (Silverstone et al., 1997), providing the GAs export to other parts of the plant by
phloem (Eriksson et al., 2006). Currently, it is known that GAs can be transported cell-
cell (or between tissues) through membrane transporters (Tal et al., 2016) or from one
organ to another through xylem and phloem conducting vessels (Regnault et al., 2015
Regnault et al., 2016). Therefore, GAs can act in the places where they are synthesized
or can be transported to other cells, tissues or organs promoting responses at short- and

long-distances.

The optimal levels of active GAs are controlled by regulatory mechanisms that
involved GA biosynthesis genes. Moreover, little is known about the regulation of GA
transport from biosynthesis places to tissues and organs that require GAs for growth.
The grafting and micrografting technique is an excellent approach to study the long-
range GAs signaling in plants (Bidadi et al., 20Nbtaguchi and Okamoto, 2015
Spiegelman et al.,, 2015Regnault et al., 2016). Studies of identification and
characterization of the long-range signaling molecules by conducting vessels in plats,
such as hormones, RNAs and proteins, are still important (Giavalisco et al;, 2006
Lough and Lucas, 200©mid et al., 200;7Bidadi et al., 2014Spiegelman et al., 2015).

The role of GAs in growth is much better known than in plant metabolism.
When we refer to extreme abiotic conditions, this knowledge is even smaller, especially

under water deficiency. In addition, responses on shoot and root growth, architecture



and morphology may be differentiated depending on the concentration and GAs
sensitivity in each organ of the plant. Moreover, growth can be regulated by molecules
that can be transported over long-distances by xylem and phloem, such as hormones,
RNAs, peptides, and so on. Therefore, studies evidencing the GAs participation in
growth and morphology responses of shoot and roots under optimal and extreme

conditions are still important.

1.1Layout and aims of the chapters

This thesis is largely focused on effects of gibberellins deficiency in the root-
shoot adjustments during water deficit in tomato plants. That said, the main aims of this
work were: (i) identify the effects of endogenous alteration of GA levels in tomato
plants exposed to water deficit; (ii) obtain a comprehensive role of GA to root growth,
morphology and primary metabolism and; (iii) understand the regulation of shoot and
root growth by long-range traffic of signaling molecules by conducting vessels in GA-
deficient tomato plants. In order to reach these goals several experiments were
performed and therefore this thesis is organized in three independent stand-alone
chapters. Each chapter is composed of an introduction, results and discussion, as well as
the methods used. It was also included at the end of this thesis the main findings of this
work and the perspectives to understanding of the role of GA biosynthesis.

Chapter 1. Changes in biomass partitioning and proline accumulation promote
water deficit tolerance in gibberellin-deficient tomato plants

Although endogenous GA content is recognized as important for processes
related to plant growth and development, little is known about the role of the GAs
metabolism in plants exposed to water deficit. It has recently been suggested that the
metabolism of GA plays an important role in the resistance and acclimatization of plants
to conditions of water deficit. Therefore, more studies in plants with altered levels of
endogenous GAs are still needed to better understand the mechanisms responsible for
responses presented by these plants since GAs are very likely to be variable and not
maintained under different extreme conditions. In this chapter, | used tomato mutants

with reduced levels of GAs, gibl, gib2 and gib3 (highly, intermediate and moderately

7



deficient in GAs levels, respectively) submitted to water deficit and a detailed
physiological and metabolic characterization was performed for in order to verify
whether the endogenous content of GAs is involved in the tolerance responses to water
deficit. The data suggest that under water deficit, the GAs content promote acclimation
or tolerance responses mainly by increasing the proline levels and altering the size of

root system in order to maintain the leaf turgor for longer.

Chapter 2. Root morphological and metabolic characterization in mutant tomato

plants for gibberellin biosynthesis

The growth and development of plants are known to be regulated by endogenous
GA content. Many studies have investigated the role of GA in shoot growth processes
and little importance has been given to the roots. However, GAs regulation in root
development and root elongation mechanisms have not yet been fully elucidated. In this
chapter, | investigated of the impact of reduced GAs levels on root metabolism, growth
and morphology in the same tomato plants (Solanum lycopersicum cv. Moneymaker). |
found that changes in GA levels lead to alterations on the amino acids and organic acids
metabolism promoting greater root growth compared to shoot, and these roots are
composed mainly of fine roots, suggesting that root growth and primary metabolism are
decoupled from the shoot in GA-deficient plants.

Chapter 3. Reciprocal grafting promote shoot and root growth in GA-deficient
tomato plants

The long-range traffic of signaling molecules by conducting vessels such as
hormones, RNAs and proteins have been identified and characterized in plants. In
chapter 3, was through reciprocal grafting of GAs mutants and control piafeund
reversal of the shoot and root phenotype of GA-deficient tomato mutants probably due
to the transport of molecules between these organs, especially the translocation of GAs
by phloem.
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Chapter 1

Changes in biomass partitioning and proline accumulation promote water deficit
tolerance in gibberellin-deficient tomato plants
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Abstract

Water deficit is recognized as one of the major factors affecting the metabolism,
growth, development and survival of higher plants. To overcome the negative impacts
of the water deprivation, plants have developed several mechanisms in response to this
stress condition. It has been suggested that gibberellins (GAs) can play an important
role for plant tolerance to a range of adverse conditions. However, little is known about
the physiological and metabolic implications of changes in the endogenous GAs levels
in plants when submitted to water deficit. To better understand the contribution of GAs
in plants responses to water deficit conditions, it was evaluated here the physiological
and metabolic impacts of altered levels of endogenous GAs in tomato plants deficient in
the GAs biosynthesis, named gib1, gib2 and gib3, under water deficient conditions and
re-watering. Interestingly, the mutant plants kept the turgor pressure in the leaf for
longer time and recovered photosynthesis faster than wild-type (WT) plants. gib2 and
gibl plants showed no apparent wilt even when they reached low water potential values
(around -1.3 MPa). These responses were related to the dwarfism, shading and leaf
thickness observed in these mutants. Curiously, the mutant plants allocated more
biomass in the roots than in the shoots compared to WT plants. Furthermore, the
maintenance of leaf turgor and increased water use efficiency observed in the mutant
plants were attributed to the osmotic adjustment of leaf and root cells, mainly due to
higher proline accumulation in these plants. Altogether, these results show that under
water deficit, plants with reduced GAs content are able to cope the water deprivation by
increasing the proline levels and roots volume in order to maintain the leaf turgor for

longer, suggesting a role of GAs for acclimation or tolerance responses to water deficit.
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Introduction

Among the abiotic factors to which plants can be affected, water deficit is one of
the more important. It occurs when the loss of water by the plant exceeds the capacity of
water absorption by the roots from the soil for long enough to cause irreversible damage
to the plant (Jaleel et al., 2007). Water deficit is one of the stresses that most affect plant
physiology, survival and yield (Charlton et al., 20B&mirez et al., 200¥rano et al.,

2009 Ning et al., 2010Begcy et al., 201;2Loyola et al., 2012). However, the plants
have developed adaptive mechanisms to overcome the negative impacts of the water
restriction. It has been shown that under this condition plants close the stomata,
reducing the photosynthetic activity, alter the elasticity of the cell wall and produce

toxic compounds that can lead to plant death (Ahuja et al., 2010).

Under water deficit conditions changes at the transcript, protein and metabolite
levels occurs suggesting a complex reprogramming of the plant metabolism (Bokhari et
al., 2007 Shulaev et al., 2008 hae et al., 20Q9huja et al., 2010). Consequently,
changes in growth are often observed as a result of water deficit. While the shoots are
strongly reduced in several species (Loggini et al., 1B@9indra et al., 1991; Lerna e
Mauromicale, 2006; Shao et al., 2Q0Bahi et al., 2008 Sanchez-Rodriguez et al.,
2010), the root system is increased under water deficit in order to increase the absorbing
root area to keep adequate water supply to the plant (Sharp et al.,Ste8p and
Davis, 1989 Sharp, 2002Fu and Harberd, 2003).

It has been demonstrated that hormones are important players for the plant
responses to water deprivation. It is verified that plants cultivated under water deficit
have their growth regulated mainly by abscisic acid (ABA) (Munns, 2005). It has been
observed that high concentrations of ABA cause stomatal closure and induce the
expression of genes related to water stress (Seki et al., 2007), such as genes responsible
for the synthesis of osmotically active compounds (Antoni et al., 2011). Furthermore,
other growth promoting hormones such as cytokinins and gibberellins (GAs) may also
being involved in stress responses (Magome et al.,; Z0thard et al., 2006Rivero et
al., 2007 Albacete et al., 2003a et al., 2012). It is believed that the levels of these
hormones in the plant affect their performance under stress conditions and consequently

their tolerance. Additionally, besides cytokinin and GA, auxins and brassinosteroids are
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prominent, whereas, ABA, ethylene, and jasmonic acid are commonly associated with

stress responses (Wolters and Juergens, 2009).

The GAs belong to a large family of tetracyclic diterpenoids that promote
various processes related to development of organs and tissues (Hedden and Kamiya,
1997 Olszewski et al., 200Sakamoto et al., 200&un and Gubler, 200Zhu et al.,

2006 Gao et al., 2011), which are usually suppressed by osmotic stress (Hu et al.,
2007). Moreover, modification in the flow through GAs biosynthetic pathway has been
observed in response to environmental stimuli (Hedden and Kamiya, H88den and
Kamiya., 1997). Therefore, the regulation of GA biosynthesis is of fundamental
importance for plant development and adaptation (Hedden and Kamiya, H&®Ien

and Kamiya., 1997). In addition, the content of bioactive GAs is a key factor controlling
their homeostasis by negative and positive feedbacks. Negative feedback regulation
occurs when the bioactive GAs levels inhibit the enzymes @Adase and GA
oxidase, responsible for the final steps of GAs activation. The regulation for positive
feedback occurs on GA2ox, which performs the inactivation of these GAs (Hedden and
Kamiya, 1997 Hedden and Proebsting, 1999). Many different GAs structures have
already been identified in plants but only few of them act as endogenous growth
regulators, being precursors of the biosynthetic pathways or are in their inactive form
(Cowling et al., 1998Yamaguchil and Kamiya, 20QRichards et al., 2001).

The relationship of GA levels and tolerance to abiotic stresses has been verified
in different plant species (Achard et al., 20B&ggio et al., 2010Dubois et al., 2013
Ho et al., 2013 Nir et al., 2014 Yang et al.,, 2014Zawaski and Busov, 2014). In
tomato plants overexpressing ti@A-methyl transferase 1 gene from Arabidopsis
thaliana (AtGAMT1), which encodes an enzyme that catalyzes the methylation of active
GAs generating inactive GAs, low levels of bioactive GAs were observed (Nir et al.,
2014). These transgenic plants also presented a dwarf phenotype and water deficit
tolerance. However, when exogenous GA was applied, normal growth and water deficit
sensitivity were restored (Nir et al.,, 2014). Further, these plants showed lower
transpiration rate under water limitation, which was attributed to reduced stomatal
conductance due to the smaller stomata with reduction of stomatal pores presented by
the AtGAMTL1 overexpression lines (Nir et al., 2014).

Although endogenous GA content is recognized as important for processes
related to plant growth and development (Olszewski et al.,;Z@2and Gubler, 2004
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Zhu et al., 2006Gao et al., 20L1Ribeiro et al., 2012), little is known about the role of

the GAs metabolism in plants exposed to water deficit. It has recently been suggested
that the metabolism of GA plays an important role in the resistance and acclimatization
of plants to conditions of water deficit (Dubois et al., 2048 et al., 2013Nir et al.,

2014 Zawaski and Busov, 2014). Therefore, more studies in plants with altered levels
of endogenous GAs are still needed to better understand the mechanisms responsible for
responses presented by these plants since GAs are very likely to be variable and not
maintained under different extreme conditions. Here, we used tomato mutants with
reduced levels of GAs, gibl, gib2 and gib3 (highly, intermediate and moderately
deficient in GAs levels, respectively) submitted to water deficit in order to verify
whether the endogenous content of GAs is involved in the tolerance responses to water
deficit. The results obtained in this study suggest that under water deficit, plants with
reduced GAs content are able to cope with the water deprivation mainly by increasing
the proline levels and roots volume in order to maintain the leaf turgor for longer,

suggesting a role of GAs for acclimation or tolerance responses to water deficit.



Material and methods

Description of genotypes used

The mutant tomato plants (Solanum lycopersicum L. cv. Moneymaker) deficient
in GAs biosynthesis used in this study were produced and characterized genotypically
and phenotypically previously by (Koornneef et al., 1990). The mutants were obtained
by immersion of seeds of commercial cultivar Money-maker in solution of ethyl
methane sulfonate mutagenic agent (EMS). The genotypic analysis performed initially
revealed that the mutations generated by EMS occurred at different loci, located on
different chromosomes (Koornneef et al., 1990). The mutants named gib3, gib2 and

gibl have mutations in chromosomes seven, one and six, respectively (Koornneef et al.
1990).
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Figure 1. Gibberellin-biosynthetic pathway scheme showing the enzyme and cell place in
which each plant, gib3, gib2 and gib1, was mutated.

The characterization of gibl and gib3 mutants revealed that these genotypes
have reduced ent-copalyl diphosphate synthase enzyme activities, with a reduction of
94% in relation to wild type (WT) and ent-kaurene synthase, with a reduction of 93%
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compared to WT, respectively (Figure 1). These enzymes patrticipate of first reactions of
GAs synthesis located in the plastids. For gib2, although the level of activity reduction

was not known, it must have affected the expression of the ent-kaurenoic acid oxidase
erzyme located in the endoplasmic reticulum (Bensen and Zeevaart, 1990); Zeevaart
1986). Together, low gene expression and low activity of these three enzymes resulted

in mutant plants with reduced GAs levels (Koornneef et al., 1990).

Experimental conditions

The experiment was performed at Vigosa (20°45°S, 650 m altitude), Minas
Gerais, in green house, of Department of Plant Biology of Universidade Federal de
Vigosa.

Wild type tomato plants and mutants deficient in the biosynthesis of GAs, gibl,
gib2 and gib3 (highly, intermediate and moderately deficient) were used, kindly
provided by Dr. Koornneef (Max Planck Institute for Plant Breeding Research,
Cologne, Germany).

The seeds were germinated in Petri dish (15 cm of diameter) containing two
layers of germtest paper towels moistened withhWWDGA4+7 solution. Subsequently,
the plates were housed in a growth chamber BOD type (Forma Scientific, Inc, Ohio,
EUA), under photoperiod of 12/12 hours (day/night), temperature 26/16ay/night),
relative humidity 65+5% and luminous intensity of 1Mol photons nt s?, for a
period of seven days. Each day, germinated seeds with a radicle emission of one
centimeter in length were transferred to vase of 0.08 cbntaining Tropstrato HT
commercial substrate for vegetables and remained in growing chambers until
cotyledonary leaves expansion. The pots were kept in a greenhouse and, after the
appearance of three completely expanded leaves, the seedlings were transplanted to
vessels of 1.4 diContaining substrate for vegetables supplemented with the 4:14:8
NPK granulated (equivalent at 4% of (MH(NOs"), 14% of BOs, 8% of KO) in the
proportion of 0.5 kg of NPK to 10.0 kg of substrate. Plants were cultivated for six
weeks in a greenhouse.

After six weeks, the treatments consisted of periodically watered plants (control,
C1), plants under water deficit (WD) where the water was totally suppressed and plants
that underwent a period of water deficit but received watering until the total recovery of
the photosynthetic parameters, such as photosynthesis and stomatal conductance (R). In

addition, in order to compare the stress condition with the optimum condition to the
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crop, the treatments WD and R presented their control, C1 and C2, respectively. Control
treatment plants were watered daily in order to keep the substrate moisture of pots close
to the field capacity until the end of experiment. Physiological assessments and leaf and
root collections for biochemical analyzes were initiated when the water potential of at
least 50% of the plants of each genotype reached -1.3 MPa. The determination of water
potential was carried out in the morning with the aid of a pressure pump Scholander
type. For the treatment that consisted of rewatered plants, parameter used to start the
collect was the photosynthesis and stomatal conductance measured with an Open
System Infrared Gas Analyzer (IRGA). The average of plants values of R treatment
being identical to average of values of fully watered plants (control, C2) indicating
recovery after stres

The evaluations were carried out on completely expanded leaves after analyzes
of water potential and gas exchange for plants under water deficit and under recovery

accompanied by their controls, C1 and C2 respectively.

Growth analysis and sample harvesting

Growth in shoot height was determined during the experiment. Plant growth was
monitored every three days. For this, height of plants was monitored with help of a
millimeter rule from the lap height to the apical bud throughout the experimeat. Th
final height, shoot dry weight (leaves and stem), root dry weight, total leaf area and
specific leaf area were determined at the end. Subsequently, relative growth rate in
height (RGR-h) was calculated by Evans (1972) and Hunt (1982).

Eight leaf discs (0,519 cm of diameter) were dried at 65 °C until constant dry
weight for determination of specific leaf area. The total leaf area was estimated from the
specific leaf area using the dry weight of all leaves. The determination of both specific
leaf area and total leaf area was performed following protocol described by (Mielke et
al., 1995). The specific leaf area was calculated using equation:

Specific leaf area (Ag?!) = leaf area of discs @n .

dry weight of discs (g)

Leaf samples were collected, immediately frozen in liquid nitrogen and stored at
-80 °C until analysis. Leaves, stems and roots were separated and immediately taken to

the oven with forced ventilation at 65 °C to obtain the dry weight (DW) after constant
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weight. Values of dry weight, biomass partitioning of leaves, stems and roots and shoot-

root ratio were calculated by Benincasa (2003).

Gas exchange and chlorophyll a fluorescence analysis

The photosynthetic rate (4 stomatal conductance to water vapqj,(oternal
CO» concentration ( and leaf transpiration rate (E) were measured simultaneously to
chlorophyll a fluorescence parameters in penultimate leaflet of the third leaf, counted
from the apex. For this, used an Open System Infrared Gas Analyzer (IRGA), with a
chamber of sample area of 2Gmodel LI 6400XT (LI-COR, Lincoln, NE, EUA), and
equipped with coupled fluorometer (LI-6400-40, LI-COR Inc.). Instantaneous gas
exchanges were measured after two hours illumination during the light period, under
1000 pmol of photons ¥is? (light saturation) of photosynthetically active photon flux
density (PPFD), determined by A/PPFD curves - net photosynthegigh(Aesponse to
PPFD curves, and standard condition of 400 ppm of. GBe ratio stomatal was 0.5
(amphistomatic leaves) and the l¢afair vapor pressure deficit (VPD) was kept at 1.2
to 2.0 kPa. An amount of blue light applied at 10% of the density of the photosynthetic
stream to maximize a stomatal aperture. Greenhouse temperature during the evaluation
was 23.7 = 2.5 °C. Respiratory rates in the dar® (®ere also determined using the
same equipment during the dark period, after two hours of the end of the light period,
using the same leaflet to determine the other clear parameters.

The determination of the chlorophyll a fluorescence occurred in leaves adapted
to the dark after the measurement of the parameters with IRGA. The leaves were
initially exposed to a faint red-distant pulse of light (f#Rol of photons ni s?), for
determination of initial fluorescence d)F Then, a pulse of saturating light with
irradiance of 600Qumol of photons M s and time of one second, was applied to
estimate the maximum emitted fluorescencg)(Ahe minimum fluorescence of light
adapted leaves ¢H and maximum chlorophyll fluorescence (Fm’) were determined
using the same equipment concomitantly collecting the gas exchange data. The
maximum photochemical efficiency of PSIl WFn=[(Fm—Fo)/Fm)]), of excitation
energy capture efficiency by PSIl open reaction centerSHF=[(Fn—Fs)/Fw’)]), of
photochemical extinction coefficients (jgand non-photochemical (NPQ) and of
electron transport rate (ETR), was also estimated like DaMatta e Rena (2002).

The results of A Ry and E were expressed per mass unit (kg) whilengl ETR
were expressed per area uniém

20



Determination of plant water status

Water status of the plant was determined during the experiment by means of a
pressure chamber Scholander type (model 1000, PMS Instruments, Albany, NY, USA)
in before tomorrow. The penultimate leaflet of the fourth leaf from apex to base was cut
at insertion of petiole and immediately placed in the chamber for measuring the water
potential w) (Scholander et al., 1964). The results were expressed in MPa.

In addition, water status was also determined by the relative water content
(RWC), according to the protocol described by Cairo (1995). After nondestructive
evaluations, nine leaf discs (0.519 cm of diameter) were collected from leaves located at
base, middle and apex of plant at the end of experiment. Immediately the discs were
weighed to determine fresh weight (FW) and placed in Petri dishes containing distilled
water. After a period of four hours, in which the disks remained immersed in water, the
disks were carefully dried between adsorbent paper under the same pressure on them, so
that there was loss of external moisture without extravasation of water from the fabrics,
and again heavy to obtain the turgid wei@fitV). Afterwards, the disks were placed in
paper bags and forced into a greenhouse with forced ventilation at 65 °C to obtain the
dry weight (DW) up to constant weight. With fresh, turgid and dry mass, the RWC was
calculated according to the equation below and the results were expressed as

percentage:

RWC (%) = FW-DW _*100
TW. DW

Leaf water loss measurements

For water loss measurements, the penultimate leaflet of fully expanded fifth leaf
was detached and immediately had its mass determined. Then the leaflet was
maintained with the abaxial side facing up under the same growing conditions of the
plants. The leaf weight was determined over a period of two hours at 10 min intervals.
Subsequently, water loss was calculated as the percentage of initial fresh weight loss
(Aradjo et al., 2011).

For leaf water loss measurements after submersion in ABA solution, leaflets
were maintained for four hours in deionized water, 10 uM and 50 uM ABA solution

shortly after excision. Leaflet was maintained with the abaxial side facing down, in
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contact to solution. After this period, the leaflets were weighed for two hours at 10 min

intervals.

Dynamics of stomatal closure following leaf excision and ABA

The dynamics of stomatal closure following leaf excision and ABA was
performed according with (Brodribb and McAdam, 201M9.record the dynamics of
stomatal closure following leaf excision, one leaf of each plant, from four individuals
were used. Leaves were collected and excised in the morning either, cut underwater
directly. Portable infrared gas analysers (Li-6400XT, Lincoln, NE, USA) were used to
measure stomatal conductance) (¢mol m? s?) following leaf excision. Ambient
conditions within the leaf chamber were maintained constant during the experiment
(leaf temperature was maintained at 25 °C, PPFD at 1000 pmol photons m? s?, leaf
chamber flow rate at 300 pmol st CO concentration at 400 umol mol?* and VPD
manually regulated between 1.2 and 2.0 kPa). During measuremgewis and other
leaf environmental traits were logged every 60 secoimiisct leaves or leafy shoots
were allowed to equilibrate in the chamber for 10 minutes while supplied with water.
Gas exchange data was recorded on the excised leaf ¢ihddgreached a minimum
and stabilized.

To assess the response @ftg ABA in mutants plants in GAs biosynthesis,
leaves of each plant were excised and immediately cut into a Petri dish containing
deionized water (MilliQ, Millipore, Billerica, MA, USA). Leaf tissue was included in
the cuvette of a IRGA under the conditions described above and leaf traits were logged
every 60 seconds. Aftersgead during 10 minutes, an aliquot of a stock solution of
unlabeled ABA was added to the leaf water supply increasing the concentration of ABA
in the water to 1185 ng ml(concentration that reduced plant at an intermediate rate
when compared to the other concentrations, selected according to the ABA
concentration test in WT plants). After the addition of ABA to the foliar water supply,

gs continued to be recorded every 60 s for at least 90 minutes.

Determination of pigments, sugars, starch, proteins, amino acids, malate, fumarate
and proline

For the determination of the metabolites, leaf and root samples were collected in
the middle of the light period and immediately frozen in liquid nitrogen and stored at -

80°C until extraction. Aliquots of approximately 30 mg of fresh mass of both tissues
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were used for biochemical analysis. Leaf and root samples were submitted to hot
ethanol extraction and photosynthetic pigments (Porra et al., 1989), glucose, fructose,
sucrose (Fernie et al.,, 2001), amino acids (Gibon et al., 2004), malate and fumarate
contents (Nunes-Nesi et al., 2007) were determined in the soluble fraction in ethanol. In
the insoluble fraction, the starch (Fernie et al., 2001) and protein content (Gibon et al.,
2004) was measured. Leaf data were normalized and presented by dry weight.

The proline concentration was determined in both leaves and roots as previously
described (Bates et al., 1973). For this, 30 mg of leaf and 50 mg of root was lyophilized
and used for extraction and subsequent analytical march. The absorbance was read in a
spectrophotometer at 520 nm and proline concentration was calculated by standard

curve.

Determination of the metabolic profile

Leaf and root samples were previously collected in the middle of the light period
and immediately frozen in liquid nitrogen and stored at -80 °C until extraction. The
samples were extracted in methanol, water and chloroform as previously described
(Lisec et al., 2006), and used for the determination of the metabolic profile by gas
chromatography associated with mass spectrometry (GC-MS) (Roessner et al., 2001).
Peaks were manually annotated, and ion intensity desrmined by the aid of
TagFinder software (Luedemann et al., 2012), usingference library from the
Golm Metabolome Database (Kopka et al., 2005) amidwWwing the recommended
reporting format (Fernie et al., 2011).

Experimental design

The experimental design was a randomized complete block design, in a 4x4
factorial scheme, corresponding to four water regimes: (i) watered plants (C1), control
of the treatment under water deficit; (i) plants under water deficit (WD); Watered
plants, control of re-watering treatment (C2) and; (iv) re-watered plants, recovery after
drought (R). Four genotypes (WT, gib3, gib2 and gibl) were also used, with six
replicates for each treatment, considering each sample as a repeat. The results were
submitted to analysis of variance (ANOVA) and, to verify statistical difference between
genotypes in each of the treatments, the means were compared by Student t test at 5% of
probability (P<0.05), always comparing the mutant lines to WT, with the aid of the

algorithms present in the program Microsoft Excel® (Microsoft, Seattle). Furthermore,

23



a graphical representation of data set of the metabolic profile was represented as
heatmap using Multiple Experiment Viewer Software (MeV) version 4.5, for this,
values was normalized to the mean response calculated for WT in treatment C1. For the
multivariate analyzes of principal component (PCA) were performed using the MeV

program.
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Results

GAs-deficient plants present delay in the reduction of the water status

Wild type (WT) and mutant plants in GA biosynthesis (gib3, gib2 and gibl)
were submitted to water deficit by interruption of the irrigation until reaching the water
potential Pw) of -1.3 MPa. Afterwards, the plants were re-watering. During and at the
end of these two steps, physiological and growth parameters were evaluated as well as
leaves and roots were harvested to further biochemical analyses. It was observed that
under control condition (C) the growth in WT and gib3 plants was similar, whereas gib2
and gibl plants presented lower growth phenotype (Figure 1A). In addition, it was
observed that leaves of the mutant plants, gib2 and gibl, presented dark green color
when compared to WT. Although, this intense green color of gib2 and gibl leaves did
not correlate with total chlorophyll content (Chl) expressed per dry weight
(Supplementary Figure S4 A and B). This fact was attributed to leaf morphology and

anatomy, characterized by leaf shrinkage and thickness (Figure 1A).

The water status of WT and mutant plants was determined daily during 23 days
after application of the treatments. When submitted to water deficit (WD) condition for
eight days, WT and gib3 plants were found to have visible wilt symptoms (Figure 1A),
while gib2 and gibl plants showed no symptoms. The plants from these two genotypes
required 15 days and more than 20 days to show apparent wilt signs (Figure 1A). It is
important to note that the plants from distinct genotypes reathedf -1.3 MPa at
different days after stopping the irrigation and recovéfgdt the day after re-watering
(Figure 1B and D). Plants WT and gib3 reacH&dclose to -1.3 MPa after eight days
of irrigation suspension, while gib2 and gib1 reached the amenly after 15 and 20
days, respectively.

Under control conditions (C1 and C2) and after re-watering, RWC values were
greater than 80% in the WT and mutants plants. However, genotypes gib2 and gibl
presented significantly higher RWC values when compared to WT (Figure 1C). Under
water deficit, reductions in RWC were observed, reaching values around 61% for WT
and gib3, whereas for gib2 and gibl the values were equal to 68% and 70%,

respectively.
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Figure 1. Visual aspect and water status of leaves of tomato plants (Solanum oomecs.
Moneymaker) with low levels of endogenous GAs, gib3, gib2 and gibl, exposed to \iiater de
and after recovery. (A) WT and mutant plants in GA biosynthesis at the enghtaf15 and 20
days under water deficit, respectively. C represents control treatmech plants were
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GAs reduced endogenous levels during the days of exposure to water stress; (E) lrdagsvate
from mutant plants in GA biosynthesis with eight weeks of culture for twoshdalues are
presented as means + standard error of at least six plants. Red arrows indicaiencpbnts
for treatment with plants under water deficit (WD) and their respectimrato(C1). Blue
arrows indicate collection points of treatment samples with plants thatdosnee through a
period of drought and recovered the physiological parameters (R) and tipeictias control
(C2). Asterisks in figure E indicates the moment (in minutes) which valuggafand gibl
mutants show significantly different (P<0.05) by Student's t test in rekatidiT. Asterisks of
Figures B and C indicate significant difference by Student's t t&ftogirobability (P<0.05)
among genotypes in same treatment, always comparing to WT.

Mutant plants with reduced endogenous GA levels readhedl.3 MPa later.
Therefore, we decided to evaluate the water loss in detached leaves (Figure 1E).
Surprisingly, the mutants showed fresh weight loss rates similar to the WT only in the
first 50 min. Thus, after 50 minutes gib3, gib2 and gibl presented 22%, 20% and 19%
of water loss, respectively, whereas in WT plants it was on average 16%. Later, greater
fresh mass loss in the mutants compared to the WT were observed until the end of the
analysis. Although the mutant plants showed greater water losses, only gib2 and gibl

differed significantly from WT at 50 min at 120 min of analysis.

It has been observed that high ABA concentrations in leaves cause stomatal
closure and consequently reduce stomatal conductagcéSeki et al., 2007). Thus, it
iIs expected that during the water loss in the leaves previously incubated in ABA
solution, will be reduced due to stomatal closure. That said, we verified the sensitivity
of mutant genotypes and WT to ABA (Figure 2). After excision, the leaves were
incubated for four hours in distilled water (control) and in ABA solution at two
concentrations, 1@M and 50uM (Figure 2A, B and C). Similar behavior of the
genotypes was verified in terms of water loss, with higher water losses in the mutant
leaves (Figure 2A). The same pattern of response was verified for the two other ABA
concentrations (Figure 2B and C). However, the presence of ABA apMO
concentration reduced the water loss in leaves of all tested genotypes when compared to
the control (water) condition (Figure 2B). The water loss was even lower when the

ABA concentration was increased to @@ (Figure 2C).
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Figure 2. Detached leaf fresh mass loss for two hours after submerging in ABA solution and
ABA response curves of leaves of tomato plants (Solanum lycopersicum cv. Moneywadker
and mutants in GAs biosynthesis with eight weeks of cultivation under growtmabpti
conditions. (A) Detached leaf fresh mass loss after submersion in distilledferateh. (B)
Detached leaf fresh mass loss after submersion in solution containjig ABA for 4 h. (C)
Detached leaf fresh mass loss after submersion in solution containjrld BBA for 4 h. (D)
Stomatal conductancedjgas time function of WT plants under different ABA concentrations
for a period of approximately 40 min. (E) Stomatal conductangea@time function of WT
plants and mutants in GAs biosynthesis under 1185 ng ailABA in the solution over a
period of 20 min. Values are presented as means + standard error of at least siAgikngks
indicates the moment (in minutes or seconds) which mutants values show signifidéereyti
(P<0.05) by Student's t test in relation to WT. Red, green and yellow asteriskserdgp
significant differences of gib3, gib2 and gib1 mutants, respectively. In figure D, show intlividua
values of WT plants under different concentrations of ABA.

The ABA influence on the decrease af was further verified by performing
ABA response curves by following the gfter application of ABA (Figure 2D and E).
Initially, a test using only WT plants was performed to select the ABA concentration to
be used (Figure 2D). The ABA concentration selected was 1185 rig wiich was
closer to that found in angiosperm xylem sap, of 1500 ng (Brodribb and McAdam,
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2011). Thereafter, all genotypes were assayed and a delagécay could be observed

with significant differences between mutants and WT approximately 100 to 400 seconds
after ABA application at the final concentration in the previously established medium
(Figure 2E). However, from these two analyzes (water loss in detached leaves and
ABA-gs response curve) it was observed that the plants have different levels of

sensitivity to ABA, with mutant genotypes being lesser sensitive to ABA.

GAs drives growth and biomass partitioning to roots, especially under water
deficit

The mutant plants presented reductions in total and specific leaf area, leaf dry
weight, stem dry weight, root dry weight, total root/shoot ratio, and consequently
biomass partitioning (Figure 3).The total leaf area was lower in plants from all mutant
lines under both tested conditions (Figure 3A). Plants exposure to water deficit (WD),
even in those in which irrigation was restored (R), resulted in reduction of total leaf area
in both mutant and WT plants, with strong reductions in plants with the highest GA
levels. In the case of specific leaf area, the results were similar to those found for total
leaf area in which mutant plants presented a smaller specific leaf area in all tested
conditions, with exception of C2 (Figure 3B). Such results of specific leaf area in C1
indicate that plants with reduction in GA presented increases in the leaf thickness and

the characteristics of the mutation of these plants remain even under WD.

The dry weight of leaves (Figure 3C), stems (Figure 3D), roots (Figure 3E), and
total (Figure 3F) were reduced in mutant plants when compared to WT in all treatments,
with strong reductions in gibl and gib2. When the plants were submitted to WD
treatment, there was a greater reduction in leaf dry weight, stems dry weight and total
dry weight when compared to treatment C1, while root dry weight was reduced
dramatically only in WT and gib3 plants. The dry weight of the plants in R treatment
also showed reductions when compared to the treatment C2.

The higher root/shoot ratio values in gib2 and gibl plants in all applied
treatments indicates a higher biomass partitioning in roots than in shoot, which may
explain the longer time required for wilting in these plants when compared to WT and
gib3 (Figure 3G). The absolute values of the root/shoot ratio increased in WD treatment

and in R one.
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Figure 3. Variation of biometric parameters in response to water deficit in tomataspl
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At the end of the experiment, the height of WT and mutants plants were
determined (Supplementary Figure S1A). gib2 and gibl plants, presented lower height
when compared to WT. Interestingly, the gib3 mutant presented higher plants than WT,
differing significantly in the WD treatment and its control (C1). In WD and R treatment,

a slight reduction in the final height of WT and gib3 plants could be observed when

compared to their respective controls.

The gib2 and gibl plants were found to have reduced RGR-h under normal
growth conditions (Supplementary Figure S1B). During water stress, the RGR-h of the
gib2 and gibl plants was higher than WT (Supplementary Figure S1 C). However,
under the same condition, WT and gib3 plants considerably decreased their growth

compared to the same genotypes in the control (C1) treatment.

Plants with low GAs levels present higher photosynthetic capacity

During the plants cultivation under the different tested conditions, the CO
assimilation rate (4 was monitored from the application of the water deficit treatment
and after the re-watering, until the recovery of the plants (R) (Figure 4). Thus, when the
plants reache®\ -1.3 MPa (Figure 1D), gas exchange analyas performed. These
time points corresponded to 8, 15 and 20 after the irrigation suspension for WT and
gib3, gib2, and gibl, respectively (Figure 4A). When plants reached -1.3 MP& the A
was dramatically reduced for all the genotypes. After re-watering, althBuglf the
plants reached values close to zero already in the next day, the plants needed a longer
time to recover their gas exchanges parameters, represented here hyTthasAWT
and gib3, which present phenotypic similarities to each other, presentsidni#ar to
the control condition after five days of re-watering, while gib2 and gibl recovered A

after three and two days, respectively.

The mutant plants exhibited a tendency of higher values in the gas exchanges
parameters expressed per mass unif,gd and WUE (Figure 4). Thendof WT and
mutant plants presented a variable pattern among the genotypes within each treatment
(Figure 4B). In C1 there was a reduction iiA gib2 while the other genotypes did not
differ from WT. Under WD, all genotypes show drastic reduction nnmAainly gib3
plants while gibl and gib2 presented the highest values. In the treatment R there was an

increase in the photosynthetic rates in the mutant genotypes when compared to WT, a
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pattern similar to that found in the C2 treatment. Theslgowed the same trend
observed for A which plants with low GAs levels presented higher(jgure 4C).
Interestingly, in all tested conditions, mutant plants had higberatyes, up to five
times higher than WT plants, except for WD treatment whergvas only slightly
higher. Under optimal growth conditions (C1 and C2), the mutant plants showed
significant increase in 5§ except for gib3 in the C1 treatment. When plants were
exposed to water deficit, there was a reductionsoh @ll genotypes when compared to
the control condition, with the most drastic reductions in WT plants. After re-watering,
the g was reestablished and the mutant genotypes showed even greamueas
relative to WT. Similar to g the mutants presented higher transpiration rates (Ey unde
all conditions (Supplementary Figure S3 A).

It was verified that mutant plants presented higheinGhe treatments C1, C2
and R when compared to the values observed in WT (Supplementary Figure S3 B).
Under WD treatment, higher values of f6r gib3 arnd lower for gib2 and gibl were
observed. However, these reductions in Were not drastic enough to cause
photosynthesis limitation due to GQack at the Rubisco carboxylation centers
(biochemical limitation). Probably, the reductions in dbserved were due to diffusive
limitations since gdrastically reduced under water deficiency (Figure 4B and C).

In general, gib2 and gibl were found to have higher values of instantaneous
water use efficiency (WUE) compared to WT under water deficit (Figure 4D).
However, similar trends were observed in the control treatments (C1 and C2) and R,
whose all mutant genotypes presented reduced WUE. Dark respiratiodidRnot
differ dramatically among genotypes in the controls (Figure 4E). However, when the
plants were submitted to WD, the genotypes gib2 and gibl showed a strongly reduction
in Ry and, when they were re-watered, these genotypes recovered the respiration rates.
When comparing the genotypes in each condition, C1 and WD, we observed that mutant
plants gib2 and gibl exhibited greater isotopic discriminatio®®fin both control
(C1) and WD conditions (Figure 4F). However, in these genotypes3thésotope

discrimination was lower under stress conditions compared to C1.
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and recovered the physiological parameters (R) and their respective coyolS{atistical
analysis as described in Figure 1.

The maximum photochemical efficiency of photosystem Il (PSN)F{; was
higher than 0.80 in all genotypes indicating that even under water deficits, it did not

cause severe damage to the photochemical apparatus and PSIl (Supplementary Figure
S2 A). As expected the values for Fn’ were lower compared to/fm in all mutants
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and treatments (Supplementary Figure S2 B). The photochemical extinction coefficient
(qu) and electron transport rate (ETR) under water deficit conditions caused reductions
in WT and gib3, not drastic in gib2 and gib1l differing significantly from WT indicating
that the energy was being directed to the photochemical step of photosynthesis
(Supplementary FigureS2 C and E). Under WD, all plants presented increase in the non-
photochemical quenching in the heat form when compared to C1 (non-photochemical
extinction coefficient - NPQ) (Supplementary FigureS2 D). In R, the plants recovered

g., NPQ and ETR values from both WT and mutant genotypes.

Water restriction alters carbohydrates and organic acids accumulation in leaves in
gib2 and gibl plants

In order to understand the effects of endogenous GAs low levels on carbon and
nitrogen metabolism under stress conditions, a biochemical characterization of leaves
and roots of the genotypes was performed. Several changes were observed inghe level
of compounds associated with carbon metabolism (Figure 5 and 6). In the leaves,
glucose and fructose contents were similar in C1 and WD (Figure 5A and B). However,
plant exposure to water deficit, accumulate more glucose and fructose in all genotypes
comparing to C1, mainly gib2 and gibl compared to the control condition. After re-
watering, the levels of these sugars were reduced in the mutants when compared to WT,
but similar to the values presented by the respective control condition. Sucrose did not
accumulated significantly in all genotypes under different tested conditions (Figure 5C).
In the WD and R treatments no significant differences were observed in the sucrose
content between genotypes. Starch concentration at the middle of the day was reduced
in the mutant plants under control treatments (C1 and C2) and R (Figure 5D). However,
under water deficit, starch levels decreased only in WT and gib3. When irrigation was
restored, the behavior of WT and mutants were similar to plants kept under optimum
conditions (C2).

We further measured the levels of malate and fumarate (Figure 5E and F). Water
deficit led to increases in the malate levels in gib2 and gibl and reductions in gib3
(Figure 5E). After re-watering, significant reductions in malate levels were observed in
gib2 and gibl. The fumarate levels significantly increased in gib2 and gib1 plants under
C1 condition (Figure 5F). However, gib2 and gibl plants had significantly reduced
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fumarate levels under water deficit. During the recovery, no significant differences were

observed in the fumarate contents among the genotypes.

In the roots, the sugar accumulation pattern was similar to the leaves in terms of
the highest glucose and fructose concentrations and lower sucrose levels in the tested
genotypes (Figure 6A, B and C). The genotypes showed increases in glucose content in
the WD treatment, being higher in the mutant genotypes when compared to the C1
condition (Figure 6A). However, the levels of fructose in WD were reduced compared
to C1 (Figure 6B). After re-watering, glucose levels were significantly reduced only in
the gibl plants (Figure 6A). Fructose presented similar values in the genotypes under R
and C2 with the exception of gib2 that showed reduction after re-watering (Figure 6B).
The genotype effect under sucrose accumulation was evidenced in mutant roots when
grown under optimum conditions (C1 and C2) and after re-watering (Figure 6C).
During water deficit, sucrose levels were dramatically reduced and minor reductions
were observed for giband gibl, whose gibl was significantly higher than WT. When
the plants were re-watered, increment in sucrose levels was observed maintaining the
same pattern of the condition C2. The starch content in the roots with water deficit was
not significantly changed due to the applied treatments for all the genotypes (Figure
6D).

Under optimal conditions there was a clear trend of reduction in total
chlorophyll (Chl) levels of leaves in gib2 and gib1l grown under optimal conditions and
significant reduction in the same genotypes when such plants were submitted to water
deficit conditions (Supplementary figure S4 A). Reduction of total Chl content in WT
and gib3 plants was also observed, with the lowest reductions in older gib2 and gibl
plants, cultivated under continuous irrigation (C2). After re-watering, no differences
were observed between the genotypes. Plants with the lowest GA levels, gib2 and gibl
presented the lowest Chl a/b ratio in all tested conditions (Supplementary Figure S4 B).
Plants gib2 and gibl have less Chl a over Chl b, whose greatest differences have been
observed in C1 and WD.

Unlike in leaves, in roots both malate and fumarate contents were increased
under water deficit, with mutant genotypes showing higher values in comparison to WT
(Figure 6E and F). After re-watering, malate content was reduced in all genotypes
without significant differences between mutants and WT (Figure 6E). Concerning the
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fumarate content, there were reductions in WT and gib3 plants, and in gib2 and gib1 the

values remained higher after adequate water supply (Figure 6F).
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Figure 5. Changes in metabolite contents involved in carbon metabolism in leaves of tomato
plants (Solanum lycopersicum cv. Moneymaker) with different endogenous levelsafr@er

water deficit and after recovery period. (A) Glucose; (B) Fructose; (GpSeic(D) Starch; (E)
Malate and; (F) Fumarate. Values are presented as means + standard erroplahtsix
Statistical analysis as described in Figure 1.

Also in leaves, mutant plants presented accumulation in the total amino acids
concentration under water deficit, but with no significant difference in relation to WT
(Supplementary Figure S4 C). After re-watering, the amino acid contents of the
genotypes were reduced, resembling the initial values of daily irrigated plants (C2).
After suspension of irrigation (WD), protein levels were reduced, however, the highest
values were found in the mutant genotypes, with gibl presented statistical difference
when compared to WT (Supplementary Figure S4D). The nitrate content in the leaves
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of the four genotypes used showed a drastic increase when the plants were undergoing
water stress (Supplementary Figure S4 E). There was a slight increase in nitrate levels
in the mutants relative to WT. After recovery, the genotypes slowly returned to nitrate

levels as in C2.
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Figure 6. Changes in metabolite content involved in metabolism of carbon in roots afotom
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Through of the nitrate and amino acids ratios, nitrate and proteins and nitrate and
total chlorophylls, we can verify the direction of the assimilated nitrate that was
absorbed and transported to the leaves (Supplementary figure S4 F, G amd H). |

general, the assimilation of nitrate in amino acids of leaf mutants showed increments
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after recovery from stress. It was observed that the nitrate in leaves of mutant plants is

mainly assimilated into chlorophylls under water deficit and after recovery.

It was observed that mutants in GA biosynthesis showed high total amino acid
contents in roots in all applied treatments, with gibl differed significantly from WT in
C1 and WD treatment (Supplementary Figure S5 A). Mutant plants and WT increased
the amino acid content in roots exposed to the water limitation condition. The total
proteins accumulation in roots was directly proportional to the GA content of mutant
plants submitted to water deficit (Supplementary Figure S5 B). The gib2 and gibl
mutants had less protein than WT in WD.

The roots nitrate content of the plants submitted to water deficit was increased,
mainly in gib2 and gibl (Supplementary Figure S5 C). While they were re-watering,
nitrates levels reduced to values close to the initial ones (in C1), however the mutant
genotypes presented larger values and significant when compared to the WT. In roots,
nitrate was assimilated into proteins and amino acids mainly in the gib2 and gibl
genotypes in the water absence (Supplementary Figure S5 D and E). After re-watering,
nitrate assimilation into proteins and amino acids remained high in WT and mutant

genotypes when compared to C2 treatment.

The metabolites content are altered according to the genotype and the treatments

The metabolic profile of WT and mutants plants with reduced GAs levels in
leaves presented a different pattern when compared to roots (Figure 11). In a large part
of the analyzed metabolites, the behavior pattern of WT and gib3 plants was similar,
while the genotypes gib2 and gibl presented a more similar behavior regardless of the
treatment applied and the analyzed organ (Figure 11).

The amino acids content in leaves varied in plants under water deficit and after
recovery of the photosynthetic parameters in relation to control conditions (Figure 7A).
Under water deficit, reduction in the levels of the amino acids serine, threonine and
glutamate were observed, whereas increases in alanine, asparagine, glutamine, glycine,
hydroxyproline, isoleucine, phenylalanine, lysine, proline, tyramine, tryptophan, valine
and B-alanine. After re-watering, there was an increase in asparagine, glycine,
hydroxyproline, proline and tyramine and reduction in the arginine, glutamate,

phenylalanine, and methionine content. In leaves, in all treatments, 2-oxoglutarate was



reduced in the mutants, being the most drastic reduction in C1 and R and less drastic in
WD in the gib2 and gibl plants, differing statistically to WT. Dehydroascorbate also
showed the same reduction pattern, whose tree mutants were significantly reduced in
comparison to WT in all treatments. Aspartate also decreased in mutants in WD and R.
In mutants exposed to WD, maltose, raminose and turanose increased, while fucose,
glycoheptose and glucose-6-phosphate present reductions in mutants. In R,
glycoheptose, glucose-6-phosphate, lixose/xylose, trehalose and turanose reduced in the
three mutants, while gentioiose had a slight and significant increase when compared to
WT. In addition, other metabolites were highlighted with increases in WD, such as
caffeic acid, galactinol, glycerol, glycerol-3-phosphate and phosphoric acid. The

glyceric acid content was reduced in all genotype in response to the water deficit.
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Figure 7. Heat map based on the metabolic profile of leaves (A) and roots (B) toraats pl
(Solanum lycopersicum cv. Moneymaker) WT and mutants in GAs biosynthesisgigpp3nd

gibl, under water deficit and after re-watering. Red indicates relative increasdsluand
reduction, of metabolite content compared to WT of each treatment. Values are plotted as log on
base 10 of six plants. Statistical analysis as described in Figure 1eRsalnquantified by a
spectrophotometric methodology and the data were calculated by dry weigbaves land

roots. The other metabolites were determined by GC-MS and the data were calculdited by
weight for leaves and by fresh weight for roots.
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In roots, the levels of glutamine, homoserine, methionine, ornithine, tryptophan,
tyrosine andp-alanine were increased in the mutant genotypes and in the four
treatments, except proline that increased in WD and R and valine which increased in
WD (Figure 7B). Amino acids such as asparagine, aspartate, GABA, glycine,
isoleucine, phenylalanine, serine and tyramine have reductions,. Threonine and valine
increased in the mutants without WD and reduced in R. GABA, glycine, isoleucine and
serine showed the stronger reductions, even though they were not significant in some
treatments. Under water deficit and after recovery the organic acids isocitrate and
nicotinate showed significant increases in the mutants plants, whereas 2-oxoglutarate,
citrate, and succinate were significantly reduced. In gib2 and gibl plants exposed to
WD treatment, the gentiobiose and sucrose were reduced in comparison to WT. The
mutants presented significant reductions in the levels of these same sugars in the R
treatment, which fructose-6-phosphate, glucose and trehalose were also decreased in
this treatment. Conversely, the sugars which showed increments in WD of the mutants
were mannitol and turanose. In R, the increase pattern was also maintained for the
mutants in that cited sugars. The genotypes gib3, gib2 and gibl, had an increase in
galactonate and glycerol-3-phosphate, and a reduction in myo-inositol, putrescine and

urea contents, due to water deficit and after recovery from stress.

Multivariate analysis

Principal component analysis (PCA) showed a separation of the genotypes
submitted to water deficit and subsequent re-watering, based on the metabolic profile of
leaves and roots (Figure 8). It is possible to observe a grouping of all genotypes when
submitted to each treatment, mainly when submitted to water deficit in both leaves and
roots (Figure 8A and C). In addition, in the C1, C2, and R treatments, the separation
was influenced by both the genotype and the treatment applied in both organs. In leaves
and roots, genotypes WT and gib3 present similarities in the quantified metabolites
levels since they presented clusters in each one of the treatments. Similarly, gib2 and
gibl were also grouped in C1, C2 and R treatment in leaves and roots, presenting
greater similarities in metabolite levels when compared to WT and gib3 together.

When analyzing the PCA with the four genotypes under water deficit only, a
clear separation between WT and gib3 plants of gib2 and gibl plants was observed in
leaves and roots (Figure 8B and D). Such separation was not possible to be observed

when PCA was constituted of the other treatments worked.
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The PCA of leaves made with all treatments, the component one (PC1)
explained 43.51% of the genotype separation according to the treatment applied (Figure
8A). Analyzing the second principal component (PC2), which explained 24.73% of the
variation, the separation was clearer for plants of all genotypes exposed to water deficit.
The individual contribution of the variables was similar, with some metabolites and
their eigenvectors that contributed to the separation of each major component in
descending order: proline (5.1861), hydroxyproline (2,8237), glycoheptose ( 1.7829),
lixose/xylose (1.4925), arginine (1.2178), glutamine (1.1235), maltose (1.0702) and
ascorbate (1.0534) for PC1. In addition, asparagine (-3.5510), dehydroascorbate
(2.6612), proline (-2.2803), glutamine (-2.0313), alanine (-1.8858), lysine (-1.7667),
putrescine (-1.6048), tryptophan (-1.4075), were the ones that contributed the most to
separation and clustering in PC2.

In PCA of leaves showing the genotypes grouping in WD treatment, PC1
explained 54.50% of the separation and PC2 explained 20.33% (Figure 8B). The
individual contribution of each variable was: asparagine (3.3349), 2-oxoglutaric acid
(3,1463), dehydroascorbic acid (-1.5086), arginine (-1.4187), putrescine (-1.3510),
galactinol (-1.2551), turanose (-1.2524), maltose (-1.2466) for PC1. Alanine (-3.8463),
dehydroascorbic acid (2.5208), glutamine (-2.1092), arginine (1.5034), methionine (-
1.3944), lyxose/xylose (1.2391), tryptophan (-1.1670), phosphoric acid (1.1118) were
the ones that contributed most to PC2 separation.

When analyzing PCA of roots with all treatments, PC1 explained 60.13% of the
separation, and WT, gib3, gib2 and gibl under water deficit and gib2 and gib1 after re-
watering showed similarities in the quantified metabolites content (Figure 8C ). The
PC2 explained only 17.31% of the separation, with the WT and gib3 genotypes in the
control condition being less similar to the other genotypes in the other treatments in
relation to the metabolites analyzed. It is possible to highlight some metabolites and
their eigenvectors that contributed individually to PC1. They are: sucrose (-2.3957),
turanose (1.9112), malic acid (-1.8146), succinic acid (-1.7138), serine (-1.6433),
raffinose (1.4592), GABA (-1.4254), glycine (-1.3198). Those who contributed
individually to PC2 were: glycerol-3-phosphate (-2.7819), proline (-2.3764),
homoserine (2.0635), isoleucine (-2.0453), isocitric acid (-1.9952), valine (-1.889),
malic acid (-1.8438), urea (1.6973).
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Figure 8. Principal components analyses (PCA) of leaves and roots from tomato plants
(Solanum lycopersicum cv. Moneymaker) WT and mutants in GAs biosynthesis, igpib2ng

gibl, under water deficit and after re-watering, based on the metabdiie.pteaves PCA
under all treatments (A) and only water deficit (B); roots PCA undléreatments (C) and only
water deficit (D).

In PCA of roots showing the genotypes grouping in WD treatment, PC1
explained 57.27% of the separation and PC2 explained 17.38% (Figure 8D). The
individual contribution of each variable was: isoleucine (3.2804), malic acid (3.1749),
putrescine (-2.3601), phenylalanine (2.0058), myo inositol (1.6032), threonine (-1.444 ),
B-alanine (1.4341), turanose (1.4032) for PC1. Putrescine (-4.1516), valine (-3.5000),
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threonine (-2.7295), malic acid (-2.0972), isoleucine (-1.8261), myo inositol (-1.7848),
phenylalanine (-1.6614), hydroxyproline (-1,6064) were the major contributors to PC2
separation.

Oxidative and cellular damage indicators and redox state of leaves

In leaves, the mutant plants naturally present less activity of the catalase (CAT),
ascorbate peroxidase (APX) and superoxide dismutase (SOD), which act as a front line
in the ROS removal, and these responses were even more contrasting under WD in gib2
and gibl (Supplementary Figure S5 A, B and C). The lipid peroxidation, caused by
reactive oxygen species (ROS), during stress can be estimated by the malonaldehyde
(MDA) concentration and for this purpose this metabolite was quantified in leaves
(Supplementary Figure S5 D). The MDA concentration among the genotypes was
similar under optimum conditions for cultivation (C1 and C2) and after re-watering,
indicating that there is no damage to the cell membrane. However, when the plants were
submitted to water deficit, genotypes WT and gib3 presented high MDA concentrations

whereas in gib2 and gibl the lowest concentrations were observed.

Leaf and root redox status was determined by quantification of NAD (P) (H)
levels (Supplementary Figure S6). The NAD+/NADH ratios were estimated, there was
little variation among the genotypes under the control conditions (Supplementary Figure
S6 C). Mutant plants that passed through a water deficit period and even those that were
re-watering later, presented a small ratio differing significantly from WT, except for
gib3 under water deficit. In the case of phosphate nucleotides, the WWSIPPH ratio
was altered and, in general, mutant plants showed a lower ratio indicating that the
reduced form prevailed under oxidized form when compared to WT (Supplementary
Figure S6 F).
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Discussion

Mutants with reduced GA content presented higher turgidity under drought eva
with high gs and loss of leaf water

In this study, plants with low endogenous GAs levels (mainly gib2 and gibl
under water deficit presented a higher water retention capacity than wild (WT). It was
found that gib2 and gibl required a greater number of days to ¥&ach -1.3 MPa
under water deficit (Figure 1D). Moreover, it was found that despit#theduction in
these plants affected then.Alt was also observed that gib3, gib2 and gibl plants
presented high photosynthetic rates after the re-watering, whose plants presented a
reduced time for the total recovery of Aigure 4A). Further, they showed to be able
of maintaining water in the leaf longer than WT plants when soil water is scarce. This
fact was favored by the drastic reductions gagd E observed in the mutant plants
under water deficit (Figure 4C and Supplementary Figure S3 A). Similar results were
also observed in experiments with tomato plants overexpressing GAMT1 from
Arabidopsis, which encodes the GA inactivation enzyme, named GA 2-oxidase (Nir et
al., 2014). This work suggests that the low GAs levels induce a greater tolerance to
water deficit due to the ability to keep the leaf tissues hydrated for longer, having lower
E and thus using the soil available water slower (Nir et al., 2014).

Although all plants had low (-1.3 MPa), wilt symptoms were not observed in
gibl and less pronounced in gib2 (Figure 1A). Interestingly, these two genotypes
showed the lowest reductions i gnd E compared to WT under water deficit
conditions, which together with the loweryAeduction led to a higher water use
efficiency (WUE; Figure 4C and Supplementary Figure S3 A and B). In addition, our
data on water loss in detached leaves surprisingly showed increased water losses in the
mutant plants. It should be remembered that unlike the observed by Nir et al. (2013),
leaves of genotypes gib2 and gibl present higher stomatal density and stomatal pore
opening (Martins, 2013). The high stomata number found, as well as the greater
stomatal pores opening, can explain the observed results of fighapd leaf water
loss in plants with lower endogenous GA levels contributing to lower WUE (Figure 4).

It should be noted that other studies with tomato plants have also demonstrated effects
of low GA levels on stomatal density. Tomato plants overexpressing the gene encoding
the dehydration response binding protein (SIDREB), have been found to have lower GA

levels due to inhibition of the ent-cauren synthase (CPS) and GA 20-oxidase (GA200x).
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These plants presented lower stomatal density, greater drought resistance, together with
less leaf expansion and internodes elongation (Li et al., 2012).

To explain the fact that gib2 and gibl plants reachedof -1.3 MPa later than
WT and gib3 plants we evaluate the water loss in detached leaves after incubation in
ABA solution (Figure 2). We suggest that this greater water loss of the mutant plants
would be related to the loss ABA signaling after the removal of leaf from plant for
analysis of water loss in detached leaves. The high ABA concentrations in leaves causes
the stomatal closure and consequently reduce the stomatal conducgnSekget al.,
2007). However, the mutant plants had the highest water losses compared to WT at low
and high ABA concentrations, 10 and pBI, respectively. To complement the above
analysis and to exclude the ABA influence on the reduction of expected fresh mass loss
for the mutant genotypes, a further experiment was conducted to verify the plants
sensitivity to ABA (Brodribb e McAdam, 2011). In this case, the influence of ABA on
the decrease ofsgwas verified by performing ABA response curves (Figure 2). A
stomatal closure delay of the mutant plants at the test start was found. Therefore, with
the analyzes of water loss and ABA response curve, it can be concluded that mutant
plants probably have a lower ABA sensitivity than WT, explaining in part the higher
water loss in detached leaves, the higher values of gs and E, but without explaining the
greater turgidity.

It was found in gib2 and gibl, greater isotopic discriminatioh®®f (value of
313C plus negative) in both control (C1) and WD conditions (Figure 4F). Less negative
values of3'3C may arise due to reductions is @ high CQ assimilation, leading to
high long term water use efficiency (WUE) (Farquhar et al., 1989a situation of
stress and low CQnput by stomata, plants fix the isotol3€ and also th&’C as a way
to compensate for the lower €@put. This lower discrimination of mutants under
stress may also explain the lower reductions nnoBserved here (Figure 4B) and in
previously (Meinzer et al., 199@inheiro et al., 2005).

We suggest that the greater turgidity and greater days number toHfgadt3
MPa in the gib2e gibl genotypes may be related to plant architecture and leaf
morphology, which have been characterized by dwarfism, shrivelling and thickening of
leaves (Koornneef et al.,, 1990) which may hinder water loss and wilt development.
Additionally, our specific leaf area results corroborate this hypothesis since the gib2 and

gibl plants have smaller leaves and larger thicknesses compared to WT.



Another possible explanation for this wilt phenotype would be that gib2 and
gibl plants because they have high active osmolytes levels are able to maintain leaf
turgescence for a longer time period, as has been observed in other species (Medeiros et
al., 2012); Medeiros et al., 2013). Proline and glycine betaine have an important role as
compatible osmolytes (Noctor et al., 2011) and are the main amino acids found in high
concentrations in plants exposed to water deficit (Nakamura et al.; 280daf and
Foolad, 2007 Arivalagan and Somasundaram, 2016). Glycine-batatin was found in
trace concentrations in leaves and roots without distinction between treatments (Data
not shown). This is because tomato plants naturally do not accumulate glycine-betaine
as well as potato, rice and Arabidopsis plants (Wyn Jones and StoreyPa8i8et al.,

2004).

In drought conditions, plants need to re-establish their cellular turgor and one o
the most efficient strategies is to synthesize osmotically active organic compounds that
accumulate as a result of reprogrammed metabolism (Soudry et al., 2005). One of the
best known osmoprotectants is proline, which can play several roles in stress tolerance.
In addition to maintaining stable osmotic balance, it can protect membrane enzymes and
lipids from degradation, act as a free radical scavenger in the antioxidative defense
process, and provide a energy source for post-stress recovery mechanisms (Hare et al.,
1999 Hong et al., 2000Ashraf and Foolad, 2007). Proline was highly accumulated in
roots and mainly in leaves of mutant plants in the GAs biosynthesis submitted to water
deficit (Figure 7). Our results indicate that mutant plants reprogrammed their
metabolism by promoting the osmotic adjustment of the cells as a way of tolerating the
imposed stress. In many plants, proline accumulation can be considered an indicator of
stress tolerance (Hajlaoui et al., 2010) and can still be positively correlated with drought
tolerance (Reddy et al., 2004).

Phytohormones regulate proline production and also stress tolerance. It is, thus,
expected that there is a close relationship between phytohormones and proline
metabolism (Per et al., 2017). In several instances GA has been found to exhibit positive
relationship with proline accumulation. Foliar application of:&A maize was found
to counteract the adverse effects of salt stress through increased proline and macro and
micronutrients accumulation, and also in maintaining the cell membrane permeability
(Tuna et al., 2008). There are few studies that relate the GA content to proline

accumulation in plants under water deficit. Here, we suggest that lower concentrations
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of GAs may also favor the proline accumulation in plants and promote tolerance to
water stress.

In addition, amino acids and nitrate were also highly accumulated in leaves and
roots of mutants plants (Supplementary Figure S4 and S5). We suggest that the nitrate
absorbed by roots or the one transported to leaves were assimilated mainly for the
production of proteins and these were converted to amino acids later, among them the
proline was present in high concentrations, to promote the osmotic adjustment and to
tolerate the drought. Transgenic Arabidopsis plants overexpressing the SIDREBL gene
exhibited increases in proline and soluble sugars and markedly decreased MDA content
in response to water stress (Jiang et al., 2017). These authors have suggested that gene
overexpression leads to favorable physiological changes involving osmotic adjustment
promoting tolerance (Jiang et al., 2017). Transgenic rice lines GA deficient due to
ectopic expression of GA20x6 had a high accumulation of proline under water deficit,
being one of the factors responsible for the greater tolerance of these plants (Lo et al.,
2016). It should be noted that proline accumulation may also explain the lower contents
of MDA found, the maintenance of turgidity and non-visualization of wilt of gib2 and
gibl plants. In addition, proline levels did not return to basal levels after plant recovery
in both leaves and roots. This suggests that such plants may be more tolerant when
subjected to a second cycle of severe water stress.

Mutant plants in GA biosynthesis suffer less from water stress

Many studies have reported the effects of drought on the expression and activity
of antioxidant system enzymes such as CAT, APX and SOD (Gill and Tuteja, 2010
Noctor et al., 2014). CAT and APX were the main enzymes involved in the hydrogen
peroxide (HO2) removal (Noctor et al., 2014) and SOD operating in the conversion of
superoxide (@) to HO- (Gill and Tuteja, 2010). The lower activities of the CAT, APX
and SOD enzymes found in mutant plants may indicate that they are suffering less from
applied stress than WT plants, producing fewer ROS, especially under water deficit
(Supplementary Figure S5 A, B and C). A evidence for these mechanism was the lower
lipid peroxidation due to the lower MDA content observed in the gib2 and gibl mutants
during the water deficit period (Supplementary Figure S6 D) suggesting that oxidative
damages did not occur or occurred at low levels due to low endogenous GA content. In
many cases, MDA is the most abundant product of lipid aldehyde breakdown

(Esterbauer and Cheeseman, 1990) and patrticipates in the deterioration of several
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functions by attacking biomolecules such as proteins and nucleic acids (Yamauchi et al.,
2008).

Studies show that DELLA proteins were not degraded in adverse environments,
resulting in lower GA levels and, therefore, decreased growth and increased plant
survival (Achard et al., 2006Achard et al., 2008). GA deficit or inhibition of GA
signaling in Arabidopsis suppresses the accumulation of ROS under salinity or
mannitol-induced stresses delaying cell death and increasing plant tolerance to stress
(Achard et al., 2008). In our work, probably DELLA proteins are not responsible for the
smallest CAT, APX and SOD activities found in the genotypes gib2 and gibl
(Supplementary Figure S6). Conversely, maize plants treated with exogenous GAs, with
high GAs levels, reduced the activity of SOD, peroxidases and polyphenol oxidase
contributing to tolerance to osmotic stress (Tuna et al., 2008).

The R/Fm ratio is used as an indicator of photosynthetic capacity in plants, and
has become an important physiological feature in studies related to various types of
stress (Krause and Weis, 1991). If the plant is in optimum conditions, in most species,
the value of this variable can vary from 0.75 to 0.85. The values lower than one indicate
compromises in the maximum quantum efficiency of PSIl and, consequently, in the
photosynthetic potential of the plant (Maxwell and Johnson, 2000). When plants under
go stress as drought (Ogren and Oquist, 1985), the declingFinif a good indicator
of damage in the photochemical apparatus of plants. Therefore, it is believed that these
WT and mutant plants in the GAs biosynthesis were not suffering drastically with
applied stress, indicating efficiency in the use of radiation without damage to the

photosynthetic biochemical apparatus, specifically to PSII.

Altered biomass partitioning is important to the higher tolerance to water deficit

in gib2 and gibl plants

The dwarf phenotype (Figure 1) observed in gib2 and gibl has also been
observed in genotypes of other species (Fujioka et al.,; /88ome et al., 2004
Sakamoto et al., 2004Nir et al., 2013) and may be advantageous in adverse
environments (Magome et al., 2004 et al., 2012). Some studies have suggested that
the reduction of active GA levels promotes water stress tolerance indirectly through
suppression of growth (Magome et al., 2084hard et al.,, 2006Shan et al., 2097
Wang et al., 2012). When plants are submitted to water stress, the gas exchange
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between the leaf and the atmosphere usually decreases due to reductioanih g
hydraulic conductance causing less assimilation of atmosphepi¢Sil@a et al., 2013).

It is believed that the lower growth may lead to the redirection of growth promotion
resources to support the mechanisms that promote survival (Achard et al., 2006). Thus,
plants with lower growth may be less vulnerable to stress (Achard et al.,. 2006)
Although the nature of these mechanisms remains unknown, it is believed that the GAs
levels may be related to growth control as a function of the environmental condition,
thus being related to survival in adverse conditions (Achard et al., 2006).

Water deficit alters the root/shoot ratio due to rapid inhibition of shoot growth
and maintenance of root growth (Sharp, 2002). On the other hand, water stress may not
only contribute to the maintenance of root growth but may also increase root growth
(Leach et al., 201 1Saucedo et al., 2012). The highest values of root/shoot ratio in gib2
and gibl plants in all applied treatments indicate higher biomass partitioning in roots,
followed by leaves and then stems (Figure 3G and H), a fact that may explain the longer
time required for observation of wilt in these plants when compared to WT and gib3
Thus, these results suggest that the mutants have a larger root area to absorb soil water
and a smaller leaf area, thus reducing water loss through transpiration. Drought
tolerance has been associated with slower use of water by plants due to reduced leaf
area and E L@wlor, 2013). The absolute values of the root/shoot ratio increased
especially in the WD treatment and also in the R when compared to the control
condition of each one (Figure 3G). Corroborating with the results found in the literature,
this shows that the plants have a greater investment in roots under water scarcity
(Zawaski and Busov, 2014) with the purpose of increasing the area of water absorption

and also the roots elongation in search of water in deeper soils.

In a study with mutants GA deficient it was found that some genes encoding
GA20x are expressed in different parts of the plant under drought conditions or short
days, with the GA20x3 gene expressed in the apical meristem (SAM) and GA20x7 gene
in roots, inducing the production of lateral roots (Zawaski and Busov, 2014). GA
deficient mutants Populus diverted resources from the laigés A greater investment
in roots (Zawaski and Busov, 2014). The authors also report that the resistance
mechanisms to drought were altered due to the rapid perception of the water deficit. In
the present work, a higher biomass partitioning was observed in roots of the gib2 and

gibl genotypes (Figure 3 and 4), with an increasenimafes (Figure 4A and B) and
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absence of damage in the same photosystems under water deficit conditions
(Supplementary Figure S2). In additiohyasobserved high rates invand E in gib2

and gibl plants, which may explain the higher root growth than shoot. It is also
suggested that the greater accumulation of dry roots mass of gib3, gib2 and gibl
indicating a greater growth of the root system, can allow a greater volume of soil to be
exploited and thus sustaining higher rates of transpiration and higher efficiency in water
use (Figure 4D) (Elias et al., 2012). In addition, the carbon franrmAy be used to
improve tolerance mechanisms protecting against cell damage due production of
compatible solutes and elimination of ROS or for root growth, which would be

advantageous for increased water uptake (Zawaski and Busov, 2014).

GAs modulate global changes in the primary metabolism of plants under stress

In this work, was observed a relationship between carbon metabolism and
growth when mutant plants submitted to water deficit. In water deficit conditions, a
higher RGR, starch and malate accumulation was observed in gib2 and gibl, and
sucrose and fumarate levels were reduced in leaves, while sucrose, malate and mainly
fumarate increased in roots (Figure 5C, D, E and F). We suggest that plants with
reduced GAs levels, gib2 and gibl, did not show a drastic reduction in RGR-h also
because they were suffering less with applied stress. Consequently, glucose, fructose
and sucrose, and even malate, may have been used by mutants to promote height growth
since there were reductions in leaf sugars when compared to WT under water deficit,
even if not significant. Root growth of the mutants in WD probably was due to
consumption of starch and sucrose (Figure 6). The accumulation of non-structural
sugars, such as sucrose, is important in the response to water and salt stress acting in the
growth maintenance and as osmoprotective molecules allowed the turgescence
maintenance, cell membranes stability and preventing the proteins degradation (Juan et
al., 2005 Arbona et al., 201,3Pérez-Lopez et al., 2018/u et al., 2013AImeida et al.,

2014 Arbona et al., 2017).

In the mutants with the lowest GAs levels, the starch and malate accumulation in
leaves may have been partially due to the conversion of sucrose and fumarate,
respectively. We know that starch is the end product of photosynthesis and the
predominant carbohydrate reserve in many species is important for plant development
(Gibon et al., 2004Stitt and Zeeman, 2012). Starch is accumulated during the day and

degraded overnight to promote growth in the absence of photosynthesis under optimum
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conditions for plant growth (Wiese et al., 2007). Therefore, starch and malate, as carbon
sources for the cell, may have been accumulated under water deficit as a survival
strategy, in other words, to be used when conditions are again favorable.

The malate accumulation in leaves of gib2 and giblWD treatment,
corresponding to an increase of approximately 37% in plants with lower GA content
when compared to WT (Figure 5E). Malate may serve as an alternative carbon source
and may be metabolized to promote growth (Martinoia and Rentsch, 1994). Otherwise,
malate can be transported to the guiding cells contributing to the stomatal opening by
decreasing the osmotic and water potential and thus being an osmoregulatory molecule
(Nunes-Nesi et al., 200Fernie and Martinoia, 200@raujo et al., 2011) with probable
action also in other cells promoting the osmotic adjustment. Malate accumulated in gib2
and gibl probably provided the highestabserved and served as an osmoregulatory
molecule contributing to water status maintenance and as a source of carbon used in
plant growth after recovery.

They are important components of nitrogen transport and are responsible for the
biosynthesis of several compounds, glutamate and glutamine (Masclaux-Daubresse et
al., 2006). The enzyme aspartate aminotransferase converts glutamine and glutamate
into aspartate, or asparagine synthase converts them into asparagine. The amino acids
glutamine and asparagine have an extra nitrogen atom in the amide group of their side
chains and therefore play an important role in cellular metabolism as nitrogen
transporters (Urquhart and Joy, 1981). Our results showed accumulation of glutamine
and asparagine in leaves and reduction in glutamate in mutant plants submitted to water
deficit. At roots, glutamine increased while asparagine decreased in WD (Figure 7A). It
is suggested that the nitrate absorbed in roots and found at high concentrations in the
mutants was being converted to ammonium and fixed in glutamine under WD (Figure
7B and supplementary figure S5 C). It is likely that the enzyme asparagine synthase was
not at high activity since high concentrations of glutamine and low asparagine were
found in roots.

The favoritism of nitrogen metabolism and several amino acids accumulation in
roots of mutant genotypes under stress and after recovery may have reduced TCA cycle
activity, which would explain the reduction in four organic acids (citrate, 2-
oxoglutarate, succinate and malate) of the five detected (Figure 7B). Increases in
isocitrate in roots of mutant plants in the WD and R treatments may explain the lower

values of 2-oxoglutarate, indicating that the mitochondrial isocitrate dehydrogenase
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enzyme could be acting at low rates. The water deficit together with the lower GAs
concentrations in the mutants may have modulated the flow of 2-oxoglutarate to the
synthesis of amino acids, such as glutamine, responsible for nitrogen assimilation, as
had been reported (Araudjo et al., 2014). Glutamine may be associated with reduced
succinate levels, a subsequent intermediate also produced by 2-oxoglutarate in the TCA
cycle (Figure 7B). These results indicate changes in respiratory metabolism as a
function of proline biosynthesis, produced from glutamate. Therefore, it may be
suggested that in roots of mutants under water deficit, energy demand and osmotic
adjustment play an important role in the maintenance of root growth.

For the aspartate synthesis is necessary besides the amino acid glutamate, a
molecule of the organic acid oxaloacetate. 2-oxuglutarate is required for glutamate
synthesis, both compounds reduced significantly in leaves mutants of WD and R. The
nitrogen partition of glutamate for glutamine, proline and hydroxyproline for mutants
leaves may have contributed to the maintenance of low GABA levels (Figure 7A).
GABA is a direct co-substrate for the synthesis of alanine (Rocha et al., 2010) or for
synthesis of succinate, and in the succinate case the accumulation can occur under biotic
or abiotic stress (Fait et al., 2008). However, significant reductions in succinate in roots
of the gib3, gib2 and gibl under WD and R treatment indicate that 2-oxoglutarate was
being diverted from the TCA cycle to glutamate synthesis and was impaired the supply
of this metabolite through the conversion of GABA by succinate semialdehyde
dehydrogenase. The alanine, glutamate and GABA accumulation in flooded Lotus
japonicus roots was important for plant survival (Rocha et al., 2010). These amino acids
were increased in Lotus japonicus WT and transgenic plants with low expression of
three homologous genes coding for leghemoglobin in nodules under hypoxia (Rocha et
al., 2010). Similar results were found in soybean roots, where accumulation of alanine,
GABA and succinate under hypoxia was observed. These accumulations were explained
by the alanine and GABA shunt metabolism (Antonio et al., 2016). Changes in the
alanine, glutamine and GABA levels were also observed in Arabidopsis when
respiratory activity was artificially inhibited by rotenone, chemical inhibitor of the
electron transport chain | complex (Garmier et al., 2008), or by a genetic approach
leading to dysfunction of the | complex (Meyer et al., 2009). Therefore, induced
changes in alanine metabolism are characteristic of an adaptive metabolic response to
situations in which respiration is inhibited (Rocha et al., 2010). In addition,

paclobutrazol-treated (GA biosynthesis inhibitor) Arabidopsis plants had reduced plant
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growth and increased alanine levels (Ribeiro et al., 2012). It is possible that alanine may
contribute to regulate pyruvate biosynthesis, facilitating the maintenance of
carbon/nitrogen balance and plant respiration rate (Ribeiro et al., 2012).

Branched chain amino acids altered in mutant plants under water deficit and
after re-watering (Figure 7). Isoleucine, valine and lysine increased in mutants leaves
under WD and R, whose the highest values under WD. In roots, valine increased only in
WD and isoleucine reduced in WD and R, whose the smallest reductions in gib2 and
gibl. According to (Hildebrandt et al., 2015), carbon skeletons from amino acids are
converted into precursors or intermediates from TCA cycle to support mitochondrial
metabolism and ATP biosynthesis, while the oxidation of certain amino acids (such as
leucine, Isoleucine, valine, and lysine) can directly supply electrons to the mitochondrial

electron transport chain (Aradjo et al., 2010).

Conclusions
In summary this study indicated that reduced endogenous levels of GAs lead to

metabolic adjustment due to water deficit that promotes greater tolerance to this
condition. Under water deficit, the low GAs content promoted tolerance for turgidity
maintenance, lower shoot growth, higher roots biomass partitioning, accumulation of
malate, nitrate, amino acids and mainly proline in leaves and roots. Together, these
morphological and biochemical changes promoted tolerance to water deficit due the
osmotic adjustment which avoided water loss and, together with higher root growth,
promoted a better absorption and use of soil water with lower leaf desiccation due to the
shoot architecture and leaf morphology due to the reduced endogenous levels of GAs.
Studies on morphology and root architecture of these plants are still necessary to better
understand the roots influence on tolerance to water deficit. In addition, the
understanding of the interaction between shoot and root and the molecules transport at
long distances in plants with reduced GAs levels can clarify some issues related to high
root growth under stress.
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Supplementary data
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Supplementary figure S1.Variation in growth parameters related to height of tomato plants
(Solanum lycopersicum cv. Moneymaker) in response to water deficit. i) Reight of
plants; (B) relative growth rate in height (RGR-h) of plants before application ohtrett and;

(C) relative growth rate in height (RGR-h) after application ofewaeficit. Values represent
means + standard error of at least six plants. Asterisks indicate$icsiginidifference by
Student's t test at 5% probability (P<0.05) among genotypes in the same trealmays
comparing mutants with the WT.
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Supplementary figure S2.Variation in chlorophyll a fluorescence parameters in response to
different GAs endogenous levels and water deficit in tomato plants (Solanymedgecum cv.
Moneymaker). (A) Maximum photochemical efficiency of FSI/Br); (B) effective quantum
yield of electron transport in FSII {f); (C) photochemical extinction coefficient (qL); (D)
non-photochemical extinction coefficient (NPQ) and; (E) electron transper{EaR). Values

are presented as means * standard error of at least six plants. Asterisks irsttjcafieant
difference by Student's t test at 5% probability (P<0.05) among genotypes inntke sa
treatment, always comparing mutants with the wild type.
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Supplementary figure S3.Variation in gas exchange parameters in response to different
endogenous GAs levels in tomato plants (Solanum lycopersicum cv. Moneymaker) submitted to
water deficit and after recovery. (A) Transpiration rate (E) aBpjr{ternal CQ concentration

(Ci). Values are presented as means * standard error of at least six pbaetisks indicates
significant difference by Student's t test at 5% probability (P<0.05) amengtypes in the

same treatment, always comparing mutants with the wild type.
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Supplementary figure S4.Changes in metabolite levels involved in nitrogen metabolism in
leaves of tomato plants (Solanum lycopersicum cv. Moneymaker) with differesls of
endogenous GAs under water deficit and after re-watering. (A) TotalCbrophyll); (B)
Ratio between Chl a and Chl b; (C) Total soluble amino acids; (D) Joliahle proteins; (E)
Nitrate; (F) Ratio between nitrate and amino acids; (G) Ratio betweateraind proteins and,;
(H) Ratio between nitrate and total chlorophylls. Values are presented as#rstandard error

of six plants. Asterisks indicates significant differences0(@5) by the Student’s t test of
mutant plants in relation to WT.
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Supplementary figure S5.Changes in metabolite levels involved in nitrogen metabolism in
roots of tomato plants (Solanum lycopersicum cv. Moneymaker) with diffeexeds| of
endogenous GAs grown under water deficit and after re-watering. (A) Total soluisle am
acids; (B) total soluble proteins; (C) nitrate; (D) Ratio betweinata and proteins and; (E)
Ratio between nitrate and amino acids. Values are presented as means + stamdafdae
least six plants. Asterisks indicates significant difference by Student'satt®% probability
(P<0.05) among genotypes in the same treatment, always comparing to WT.
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Supplementary figure S6.Variation in malonaldehyde content (MDA) and enzymes activity
involved in antioxidative metabolism and cell damage in leaves of tomato plafasi(i$o
lycopersicum cv. Moneymaker) with different levels of endogenous GAs under dedteit

and after watering. (A) Catalase (CAT); (B) ascorbate peroxidase (APX)sy@roxide
dismutase (SOD) and; (D) malonaldehyde (MDA). Values are presented as means # standar
error of six plants. Asterisks indicates significant difference® (%) by the Student’s t test of
mutant plants in relation to WT.
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Supplementary figure S7.Alteration of pyridine nucleotide content in leaves of tomato plants
(Solanum lycopersicum cv. Moneymaker) with different GAs endogenous levels under water
deficit and re-watering. (A) NAD (B) NADH; (C) Ratio between NADand NADH; (D)
NADP*; (E) NADPH e; (F) Ratio between NADRNnd NADPH. Values are presented as means

* standard error of six plants (n = 6). Asterisks indicates significamtreiiftes (P<0.05) by the
Student’s t test of mutant plants in relation to WT.
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Tabela Suplementar S1Leaf metabolites of all treatments used for the multivariate analysis
and their contribution to the sepration of each principal component (PC).

Metaolites PC1 PC2
Amino acids Alanine 0,99097 -1,88577
Arginine 1,2178 0,11819
Asparagine -0,73132 -3,55097
GABA 0,04887 -0,58078
Glutamic acid -0,07341 -0,44618
Glutamine 1,12353 -2,03131
Glycine 0,84569 -1,24974
Hydroxyproline 2,82371 -0,85484
Isoleucine 0,58745 -1,19673
Lysine 0,66723 -1,76673
Methionine 0,24859 -1,23825
Phenylalanine 0,55093 -0,9848
Proline 5,18608 -2,28029
Serine -0,35589 -0,90274
Threonine 0,08904 -0,40896
Tryptophan 0,32657 -1,40754
Tyramine -0,12666 -1,36075
Valine 0,81562 -1,12803
R-alanine 0,62173 -1,28723
Organic acids 2-oxoglutaric acid 1,02801 0,50134
Ascorbic acid 1,05335 0,3591
Aspatrtic acid -0,28937 -1,29989
Dehydroascorbic acid 0,45496 2,66121
Maleic acid 0,64936 -0,48739
Malic acid 0,35074 0,13135
Malonic acid -0,81989 -1,11944
Nicotinic acid 0,1855 -0,78617
Succinic acid 0,01913 -0,34227
Sugars Fucose 0,57421 0,36441
Gentiobiose 0,71783 -0,30814
Glucoheptose 1,78286 0,75138
Glucose-6-phosphate -1,02647 -0,95694
Lyxose/Xylose 1,49246 -0,03622
Maltose 1,07016 0,39485
Rhamnose 0,63151 -0,1123
Trehalose 0,91272 -0,05949
Turanose 0,82695 0,13061
Others Caffeic acid 0,99622 0,22402
Galactinol 1,00223 -1,06274
Glyceric acid -0,39105 0,95112
Glycerol -0,11918 -0,55315
Glycerol-3-phosphate -0,21494 -1,14066
Lactic acid -0,17515 -0,45079
Myo inositol 0,11032 -0,41047
Phosphoric acid -0,58705 -1,13627
Putrescine 0,58066 -1,60481
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Tabela Suplementar S2Leaf metabolites of WD treatments used for the multivariate analysis
and their contribution to the sepration of each principal component.

Metaolites PC1 PC2
Amino acids Alanine -1,05011 -3,84628
Arginine -1,41868 1,50342
Asparagine 3,33489 -0,96472
GABA -0,45769 -0,54184
Glutamic acid 0,68445 0,7653
Glutamine 0,16478 -2,1092
Glycine -0,8081 0,36657
Hydroxyproline -1,13637 0,85582
Isoleucine 0,17135 0,01785
Lysine -0,25585 -0,92448
Methionine -0,84848 -1,39435
Phenylalanine 0,04977 -0,14001
Proline -0,84337 -0,23043
Serine -0,18629 -0,98854
Threonine -0,23845 -0,25962
Tryptophan 0,02568 -1,167
Tyramine 0,43837 -0,33731
Valine -0,50743 -0,27345
R-alanine -0,45872 -0,28083
Organic acids 2-oxoglutaric acid 3,14634 -0,1482
Ascorbic acid 0,39017 0,60212
Aspatrtic acid 0,36375 -0,62609
Dehydroascorbic acid -1,50856 2,52077
Maleic acid 0,37162 0,76276
Malic acid 0,44875 0,87053
Malonic acid 0,75227 0,81628
Nicotinic acid 0,06329 0,3597
Succinic acid 0,89219 0,78782
Sugars Fucose -0,70615 0,00754
Gentiobiose -0,35299 0,70519
Glucoheptose -1,11577 0,55783
Glucose-6-phosphate 0,80349 -0,03324
Lyxose/Xylose 0,02734 1,23906
Maltose -1,22459 0,22274
Rhamnose -0,46754 -0,03191
Trehalose -0,48597 -0,31551
Turanose -1,2524 -0,2979
Others Caffeic acid -0,50828 -0,35329
Galactinol -1,25512 -0,51787
Glyceric acid 0,07181 0,31182
Glycerol 0,18653 0,62178
Glycerol-3-phosphate 1,18129 0,068
Lactic acid 0,02812 0,15006
Myo inositol -0,04272 0,24414
Phosphoric acid 0,93415 1,11177
Putrescine -1,35099 -0,79438
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Tabela Suplementar S3Root metabolites of all treatments used for the multivariate analysis
and their contribution to the sepration of each principal component.

Metaolites PC1 PC2
Amino acids Alanine -0,25707 0,07567
Asparagine -0,34153 0,32682
Aspartic acid -0,45127 -0,55076
GABA -1,42539 0,05865
Glutamine 0,46448 -1,01046
Glycine -1,31978 0,53631
Homoserine 0,93767 2,06346
Hydroxyproline 0,05062 -0,25103
Isoleucine -1,10704 -2,04534
Methionine 0,75031 -0,10532
Ornithine 1,09559 -0,21936
Phenylalanine -0,6353 -0,58612
Proline 0,1885 -2,37644
Pyroglutamic acid -0,78088 -0,20916
Serine -1,64332 0,77668
Threonine -0,44111 -1,04194
Tryptophan 1,12456 -0,54307
Tyramine -1,23924 0,19416
Tyrosine 0,96033 -0,14829
Valine -1,23299 -1,88898
R-alanine 1,14144 -1,04167
Organic acids  2-oxoglutaric acid -0,73469 -0,67793
Citric acid -0,58515 -0,37959
Isocitric acid 0,17511 -1,9952
Maleic acid -0,00658 0,08808
Malic acid -1,81456 -1,84378
Malonic acid 0,96206 -1,16114
Nicotinic acid 1,22876 1,49814
Succinic acid -1,71378 0,15066
Sugars Fructose -1,12539 0,78402
Fructose-6-phosphate -0,03197 0,0735
Gentiobiose -0,68925 -0,38123
Glucose 0,12581 1,03164
Glucose-6-phosphate -0,02038 -1,12637
Mannitol 0,95572 0,62028
Raffinose 1,45923 -0,19315
Ribose 0,39541 0,37562
Sucrose -2,3957 0,36215
Trehalose -0,8688 0,27494
Turanose 1,9112 -0,45432
Others Galactinol 0,45625 -0,02172
Galactonic acid 0,61169 -0,22762
Galacturonic acid 0,24068 -0,29383
Glycerol 1,31461 -0,19287
Glycerol-3-phosphate 1,13537 -2,78192
Myo inositol -0,84791 0,00834
Putrescine -0,66138 0,18792
Uracil 0,37833 1,0759
Urea 0,01441 1,6973
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Tabela Suplementar S4Root metabolites of WD treatments used for the multivariate analysis
and their contribution to the sepration of each principal component.

Metaolites PC1 PC2
Amino acids Alanine -0,0165 0,00051
Asparagine -0,82199 -1,45337
Aspartic acid 0,5019 -0,21064
GABA -0,43735 -0,16108
Glutamine 0,94451 -0,78533
Glycine -0,26915 -0,01068
Homoserine -0,49844 0,21289
Hydroxyproline 0,47606 -1,60637
Isoleucine 3,28037 -1,82611
Methionine 0,10641 0,26004
Ornithine -0,12233 -0,18211
Phenylalanine 2,0058 -1,66135
Proline -0,72598 -0,03819
Pyroglutamic acid -0,03061 0,16453
Serine 0,06334 -0,15018
Threonine -1,44401 -2,7295
Tryptophan 0,00328 -0,57662
Tyramine -0,88208 0,54242
Tyrosine -0,11647 0,05182
Valine -0,56458 -3,49998
R-alanine 1,43408 0,02075
Organic acids  2-oxoglutaric acid 1,27545 -1,08629
Citric acid 0,67591 -0,19118
Isocitric acid 0,39906 -1,51861
Maleic acid 0,15629 -0,37026
Malic acid 3,17485 -2,09717
Malonic acid 0,55333 0,82116
Nicotinic acid -0,67533 -0,8943
Succinic acid 0,91111 -1,01307
Sugars Fructose -0,12296 -0,17672
Fructose-6-phosphate -0,0501 -0,02948
Gentiobiose 0,81349 -0,31396
Glucose -0,22395 -1,44642
Glucose-6-phosphate -0,99405 -0,25374
Mannitol 0,00846 0,05434
Raffinose -0,00358 -0,06691
Ribose -0,36043 -0,26667
Sucrose 0,18627 0,14127
Trehalose -0,00242 -0,25562
Turanose 1,40322 -0,06809
Others Galactinol 0,04453 0,07163
Galactonic acid -0,34122 -0,20617
Galacturonic acid -0,29324 -0,49639
Glycerol 0,08865 -0,06024
Glycerol-3-phosphate 0,15889 -1,46532
Myo inositol 1,60321 -1,7848
Putrescine -2,36005 -4,15162
Uracil -0,11589 -0,87624
Urea -0,3482 -0,2011
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Chapter 2

Root morphological and metabolic characterization in GA-deficient mutant
tomato plants (Solanum lycopersicunt..)
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Abstract

Gibberellins (GAs) belong to a class of plant hormones with multiple functions
in the regulation of physiological processes associated with growth and development. In
shoots and roots, GAs are synthesized in young and actively growing organs that can act
locally or be transported to other tissues or organs. Understanding the role of GAs in
roots came a few decades ago using plants that are severely deficient in GAs
biosynthesis, either with genetic mutation in biosynthetic genes or using inhibitors of
GAs biosynthesis or signaling. However, only few studies evaluate root metabolism in
plants with reduced levels GAs and that associate it with root growth and morphology.
Thus, the objective of this work was to evaluate the effects of the endogenous alteration
in GA levels in tomato mutant (gibl, gib2 and gib3, deficient in GA biosynthesis) in
root growth, morphology and metabolism. In summary, the low content of endogenous
GAs affected the root growth and morphology. Additionally, the metabolism respiratory
and labeled carbon allocation in leaves and roots were changed differently by the GAs.
Plants gib2 and gib1 displayed higher root/shoot ratio compared to WT probably due to
relocation of photoassimilates to root growth. The gib2 and gibl mutants presented
higher proportions of thick roots than WT and gib3, but the growth of fine roots (with
smaller diameters) was the most pronounced. It was found lower shoot and root growth
in gib2 and gibl probably due the accumulation of amino acids in both organs of the
mutant plants causing the reduction of tricarboxylic acid cycle intermediaries
corroborating with the lower respiration rates. Therefore, our data suggest that the shoot
responds differently from the root and that the root growth and primary metabolism are
decoupled from the shoot in GA-deficient plants probably due to the higher GA
sensitivity of roots. Taken together, this data suggest an important role of GAs in the

metabolism, growth and root morphology of tomato plants.



Introduction

Gibberellins (GAs) belong to a class of plant hormones with multiple functions
in the regulation of physiological processes associated by growth and development
(Hedden and Kamiya, 199DIszewski et al., 2002Sakamoto et al., 20048un and
Gubler, 2004 Zhu et al., 2006Gao et al., 2011). Physiologically, the main effect of
GAs on superior plants is stimulating organ growth through cell stretching and, in some
cases, cell division. In addition, GAs promote phase transition during development,
such as between seed dormancy and germination, juvenile and adult growth phases, and
vegetative and reproductive development (Hedden and Thomas, 2012).

In shoot and roots, GAs are synthesized in young and actively growing organs,
such as developing leaves and expanding internodes (Smith et al., 1992), which are also
sites of action of these GAs (Hedden, 2012). These organs contain high levels of gene
expression of GA biosynthesis, indicating the synthesis of active GAs (Silverstone et
al., 1997 Kaneko et al., 2003). It has been previously reported that GAs in Arabidopsis
roots are mainly accumulated in the endoderm cells of stretching zone and the presence
of an GA active transport mechanism has also been strongly suggested (Shani et al.,
2013). However, GAs production in maturing leaves occurs due to the presence of the
ent-caurene precursor that is synthesized in proplastids associated with the foliar
vascular system (Silverstone et al., 1997), providing the GAs export to other parts of the
plant by phloem (Eriksson et al., 2006). Currently, it is known that GAs can be
transported celte-cell (or between tissues) through membrane transporters (Tal et al.,
2016) or from one organ to another through xylem and phloem conducting vessels
(Regnault et al., 2015Regnault et al., 2016). Therefore, GAs can act in the places
where they are synthesized or can be transported to other cells, tissues or organs
promoting responses at short- and long-distances.

Additionally, the root metabolism can be altered as a function of the GAs
endogenous concentration, the GAs exogenous application and also the lack of
perception in GA signaling processes, causing changes in root growth. In Populus
mutants, gai and rgll, with deleted DELLA domain presenting higher levels of active
GAs, it was observed a greater root growth and a larger number of roots probably due to
increased respiration (Busov et al., 2006). The authors report that this fact was
supported by monosaccharides decrease and citrate, asparagine and arginine

accumulation. That is, the consumption of monosaccharides by respiration has caused
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the accumulation of some organic acids from tricarboxylic acids cycle that are required
for amino acids synthesis. Similarly, increased root respiration and carbon partitioning
for roots was a possible reason for higher biomass partitioning in roots of tomato plants
deficient in GA, gib3 and gibl (Nagel and Lambers, 2002). Therefore, shoot and root
growth and development, carbohydrates metabolism, organic acids and amino acids can
be altered by GAs.

It is worth mentioning that the role of GAs in shoot and root growth and
development of several species is well known since the "green revolution” which
introduction of semi-annual varieties have been introduced and enormous improvements
in productivity (Hedden, 2003). Understanding the role of GAs in roots came decades
later using severely GAs deficient plants, either genetically mutated in biosynthesis
genes or using GA inhibitors (Tanimoto, 2012). These studies provided valuable new
information on a roots GAs responses. For example, when using mutant plants in GAs
biosynthesis, plant active GA production is regulated locally, indicating that shoot
regulation is different from root regulation. Furthermore, roots elongation and
thickening these plants can be regulated by a lowest GA concentration and/or by a
greater roots sensitivity to GA than to stem giving advantage when GA production is
limited (Tanimoto, 2012). However, GAs regulation in root development and root
elongation mechanisms have not yet been fully elucidated and few studies have been
found.

Recently the importance of GA levels in response to water stress was studied
(Chapter 1). In this study, were used tomato mutant plants deficient in GAs
biosynthesis, gib3, gib2 and gibl, with moderate, intermediate and severe deficiency,
respectively. It was verified that mutant plants with the lowest GAs content, gib2 and
gibl, when submitted to water deficiency did not present an apparent wilt of severe
water potential (-1.3 MPa). These plants maintained high water potential for a longer
time in relation to control condition, and presenting a period of lower post-stress
recovery. The tolerance of these plants with low GAs levels was attributed to several
possible causes: (i) greater root growth over shoot, (ii) leaf architecture and morphology
of mutant plants, (iii) pronounced accumulation of amino acids, mainly proline, in
leaves and roots (Chapter 1). Other authors have observed similar responses in water
and salt stress, which root system presented increases in relation to shoot, resulting in
adequate plant water supply (Sharp et al., 12®8acete et al., 2008). However, it is

believed that GAs lack in these mutant plants also altered the roots architecture and
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morphology, which may possibly be another factor responsible for tolerance to water
deficiency. For this, complementary studies of root growth, architecture, morphology
and metabolism are necessary to elucidate the mechanisms involved in these tolerance
responses. The growth and development of plants are known to be regulated by
endogenous GA content (Olszewski et al., 208@n and Gubler, 2004hu et al.,

2006 Gao et al., 20L1Ribeiro et al., 2012). Many studies have investigated the role of
GA in shoot growth processes and little importance has been given to the roots
(Tanimoto, 2012). In this sense, to understand the role of GAs in root metabolism,
growth and morphology, were used mutants tomato plants (Solanum lycopersicum cv.
Moneymaker) in the GAs biosynthesis, gib3, gib2 and gib1, and biometric, morphologic

and metabolic parameters were analyzed.
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Material and methods

Description of genotypes used

The mutant tomato lines (Solanum lycopersicum L. cv. Moneymaker) deficient
in GA biosynthesis used in this study were produced and characterized genotypically
and phenotypically previously by (Koornneef et al., 1990). The mutants were obtained
by immersion of seeds of commercial cultivar Money-maker in solution of ethyl
methane sulfonate mutagenic agent (EMS). The genotypic analysis performed initially
revealed that the mutations generated by EMS occurred at different loci, located on
different chromosomes (Koornneef et al., 1990). The mutants named gib3, gib2 and
gibl have mutations in chromosomes seven, one and six, respectively (Koornneef et al.
1990). The characterization of gib1l and gib3 mutants revealed that these genotypes have
reduced ent-copalyl diphosphate synthase enzyme activities, with a reduction of 94% in
relation to wild type (WT) and ent-kaurene synthase, with a reduction of 93% compared
to WT, respectively. These enzymes participate of first reactions of GAs synthesis
located in the plastids. For gib2, although the level of activity reduction was not known,
it must have affected the expression of the ent-kaurenoic acid oxidase enzyme located in
the endoplasmic reticulum (Bensen and Zeevaart, 1990). Together, low gene expression
and low activity of these three enzymes resulted in mutant plants with reduced GAs

levels (Koornneef et al., 1990).

Experimental conditions

The experiment was performed at Vicosa (20°45°S, 650 m altitude), Minas
Gerais, in a greenhouse of Department of Plant Biology of the Federal University of
Vigosa.

Seeds from wild type and mutant lines gibl, gib2 and gib3 (highly, intermediate
and moderately GA deficient) were kindly provided by Dr. Koornneef (Max Planck
Institute for Plant Breeding Research, Cologne, Germany). These seeds were
germinated in Petri dish (15 cm of diameter) containing two layers of germitest paper
moistened with 10uM GA4+7 solution. Subsequently, the plates were housed in a
growth chamber BOD type (Forma Scientific, Inc, Ohio, EUA), under photoperiod of
12/12 hours (day/night), temperature 25/C6(day/night), relative humidity 65+5% and
luminous intensity of 15@mol photons nts?, for a period of seven days. Each day, all

germinated seeds, with a radicle of one centimeter length, were transferred to a 200 ml



plastic cups containing germicide paper moistened with Hoagland %2 strength nutrient
solution (Hoagland and Arnon, 1950). The plants remained in a moist chamber in a
growth room under controlled conditions for one week. In the following week the pots
were transfered to a greenhouse in a humid chamber and stayed for another week until
transplantation to the definitive styrofoam boxes. For about these two weeks, roots were
dampened twice a day with Hoagland ¥ strength solution.

After the appearance of two completely expanded leaves, the plantlets were
transplanted to 5 L expanded polystyrene boxes, two plants per box, with Ho#gland
strength nutrient solution, pH 6.0, aeration system and solution containing all the macro
and micronutrients necessary for plants growth and development. After the transplant,
the plants received nutrient solution %2 strength only in the first seven days and
afterwards were provided a total strength solution until the end of the experiment. The
nutrient solution was changed every 7 days. Adjustment of pH and correction of the
nutrient solution volume in the boxes was performed daily. Biometric analyzes wer
performed throughout the experiment and the leaves and roots were collected only at the
end of the experiment, after three weeks of planting in Hoagland full strength solution.

At that time, the plants were six weeks old.

Growth analysis and sample harvesting

Plant growth was monitored every three days by measuring the shoot height. The
plant height was monitored with a millimeter rule from the lap height to the apical bud
throughout the experiment. The final height, shoot dry weight (leaves and stem), root
dry weight, total leaf area and specific leaf area were determined at the end of the
experiment. Subsequently, shoot and root relative growth rate (RGR) was calculated
according to (Evans, 197Runt, 1982).

Eight leaf discs (0,519 cm of diameter) were dried at 65 °C until constant weight
for determination of specific leaf area. The total leaf area was estimated from the
specific leaf area using the dry weight of all leaves. The determination of both specific
leaf area and total leaf area was performed following protocol described by (Mielke et

al., 1995). The specific leaf area was calculated using equation:

Specific leaf area (frg!) =_leaf area of discs @n

dry weight of discs (g)



Root samples from some plants were collected in 30% ethanol to be scanned for
future morphologic measurements with professional scanner Epson XL 10000 equipped
with additional light unit (Supplementary figure S3). The WIinRHIZO Pro 2007a
program was used to calculate the root length, surface area, volume and ramifications.
Leaves, stems and roots were separated and immediately taken to the oven with forced
ventilation at 65 °C to obtain the dry weight after constant weight. Values of dry weight,
biomass partitioning of leaves, stems and roots and shoot-root ratio were calculated as
described by (Benincasa, 1988).

14C-glucose feeding experiments

A total of 24 leaf discs (0.516 cm of diameter) and approximately 4 g of root
tissues from the median region of the root system were collected from each genotype,
from four plants of five weeks old. Samples were incubated in 5 mL of incubation
medium (10 mM Mes-KOH, pH 6.5) containing 10 mM glucose supplemented with 1.4
MBg mmol? of ¥C labeled glucose ([U*C]-Glc). The samples were then incubated for
6 h and subsequently 1/3 of the samples were collected every 2 h, washed in the same
incubation medium, without labeling, frozen in liquic lAnd stored at -80°C until
further analysis. All incubations were carried out in a 100 mL sealed flask at 25 °C and
shaken at 90 rpm. The evolvéiCO, was collected in 0.5 mL of 10% (w/v) KOH and
quantified by counting in liquid scintillation. Samples incubation on labeled glucose

followed (Centeno et al., 2011) with modifications.

Fractionation of C-labeled material

Tissue fractionation was performed as described by (Fernie et al., 2001) with
modifications. The frozen tissue was extracted successively for 20 min at 80°C in 2 mL
80% (v/v) ethanol, 2 mL of 50% (v/v) ethanol and 2 mL of 20% (v/v) ethanol. The
supernatants were combined and dried under vacuum, the ethanol-soluble components
were resuspended in 2 mL.Hand separated into neutral, anionic and basic fractions.
The pellets were suspended in 0.2 miOiH digested and separated also in neutral,
anionic and basic fractions. The recovery of radioactivity during fractionation was
approximately 80% of that applied. The reliability of these fractionation techniques has
been documented previously (Centeno et al., 2011).



Experimental design

The experiments were performed with a completely randomized design in a
greenhouse condition, with ten replicates for each genotype, with each sample being
considered as a replicate. The results were submitted to analysis of variance (ANOVA)
and, to verify statistical difference between mutants lines and WT, the means were

compared by Student t test at 5% of probability (P<0.05).



Results

Reduction in endogenous GA levels affects root growth

The shoot and root growth parameters, as height, relative growth rate (RGR) and
root length, showed the lowest values in the lines with low endogenous GAs levels
when compared to WT plants (Figure 1). At the end of the experiment, shoot height and
root length of WT and mutant plants (Figure 1A and B) were determined. The tree
mutant plants presented significant lower length of root and shoot when compared to
WT, gib2 and gib1 plants presented the lowest GA levels. When comparing the length
of the shoot with the root length, it is possible to notice greater root growth in all

genotypes used, with a larger root length at the detriment of the shoot in gib2 and gib1l.

During the experiment, measurements of shoot height and root length were
performed with three days of intervals and the relative growth rate (RGR) was
calculated (Figure 1C, D, E and F). The shoot RGR of the mutant plants was strongly
reduced gib2 and gibl, under normal conditions of cultivation (Figure 1C).
Interestingly, root RGR presented lower reductions when compared with shoot RGR,
with significant reductions only for gib2 and gibl genotypes (Figure 1D). It is
noteworthy that, for gib2 and gibl only, the reductions in the root RGR, was smaller

when compared to shoot RGR.

After the transplant, it was observed that the plants showed approximately the
same height and root length (Figure 1E and F). As the days went by, WT and gib3
plants grew similarly to each other and unlike gib2 and gib1l, which were similar to each
other. After the sixth day of the experiment, gib2 and gibl presented lower height when
compared to WT and thus continued until the twenty-seventh day (Figure 1E). gib3
plants differed statistically from WT only on the twenty-first day, also exhibiting a
smaller growth in height. As for root length, the three mutants showed significantly
lower length on the eighteenth day of analysis, and gib2 differed on day 15 (Figure 1F).
The root growth of WT and mutant plants was higher comparable with the growth in
height. These results indicate that the low endogenous content of GAs influences the

shoot growth more than root growth.
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Figure 1. Variation in growth parameters related to shoot and roots length of tomato
plants (Solanum lycopersicum cv. Moneymaker) WT and mutants in GAs biosynthesis.
(A) Final shoot length; (B) final root length; (C) relative growth rate (RGR) of shoot;
(D) RGR of roots; (E) monitoring of shoot height growth at three-day intervals
throughout the experiment; (F) monitoring the root elongation at three-day intervals
throughout the experiment. Values are presented as means * standard error of at least
six plants. Asterisks indicates significant difference by Student's t test at 5% probability
(P<0.05) among genotypes in the same treatment, always comparing to WT.



At the end of the experiment, the dry weight of the plant organs as well as the
whole plant (Supplementary Figure S1 and S2), root/shoot ratio and biomass
partitioning between plant organs were determined (Figure 2). The mutant plants
presented reduced dry weight of leaves, stems, roots and total dry weight. Increase in
the root/shoot ratio and consequently the partitioning of root biomass was observed
(Figure 2). Leaf, stem and root dry weight, and consequently total dry weight were
significantly reduced in mutant plants in comparison to WT, with the most drastic

reductions observed for gib2 and gib1l genotypes (Supplementary Figure S1 A, B, C and
D).
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Figure 2. Variation in biometric parameters of tomato plants (Solanum lycopersicum
cv. Moneymaker) WT and mutants in GAs biosynthesis grown in Hoagland complete
solution. (A) ratio between root and shoot; (B) biomass partitioning where the bars
represent the percentage of total dry weight subdivided between the components of
plant. Values are presented as means + standard error of at least six plants. Statistical
analysis as described in Figure 1.

Higher root/shoot ratio were found in the all mutant lines, most evidently in gib2
and gibl plants, indicating a higher biomass partitioning in roots than shoot (Figure
2A). The biomass partitioning results confirm that gib3, gib2 and gibl plants present
high root biomass partitioning rate while WT presents lower biomass partitioning in this
organ (Figure 2B). In the case of a whole plant, WT and gib3 have higher biomass
partitioning in leaves, followed by stems and then in roots, while gib2 and gibl allocate
biomass mainly in leaves followed by roots and then stems. It is suggested, in the case
of gib2 and gib1, that there is a reduction in the stems investment that is converted into
greater root investment in these plants.



The results of specific leaf area were similar to those found for total leaf area in
which mutant plants present smaller specific leaf area with significant reductions
(Figure 3A). These results of specific leaf area indicate that plants with reduced GAs
levels present thickening of the leaf limb. In the case of total leaf area was drastically
lower in the mutant plants, mainly in gib2 and gibl (Figure 3B), corroborating with the

results of dry weight and growth.
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Figure 3. Changes in leaf area parameters from tomato plants (Solanum lycopersicum
cv. Moneymaker) WT and mutants in GAs biosynthesis grown in hydroponic system for
four weeks. (A) Specific leaf area and (B) total leaf area measured at the end of the
experiment. Values are presented as means + standard error of at least six plants.
Statistical analysis as described in Figure 1.

As expected, total root length, surface area, total root volume and branches
number were significantly reduced in the mutant lines. These four parameters showed a
similar pattern among the genotypes, with gib3 being approximately 50% lower than
WT and gib2 and gib1 with even smaller reductions than WT (Figure 4A, B and C). The
branche number in the gib3 genotype was reduced, similar to the values observed for
gib2 and gib1 in comparison to WT (Figure 4D).

The total length, surface area and total root volume were also determined
according to root diameter, which these variables were calculated individually at
intervals 0-1, 1-2, 2-3, 3-4, 4-5 and >5 mm of diameter (Supplementary Figure S1, S2
and S3). In the total root length in the range of 0-1 mm reductions are observed in the
mutant genotypes, specifically the most GAs deficient lines, gib2 and gibl
(Supplementary Figure S1). In the diameters corresponding to the intervals 1-2 to 4-5
mm, the mutant genotypes presented similar pattern, and significant reductions were

also observed at approximate levels of the three mutants when compared to WT
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(Supplementary Figure S1 B, C, D and E). The lowest reductions in the total root length

of the mutants occurred in the diameters 3-4, 4-5 and > 5 mm indicating that gib3, gib2
and gibl plants, although they present most of their roots between the diamet@rs of 0-

mm, also have a large number of thick roots. It is noteworthy that in all diameters, root

length was higher in WT plants. In addition, the four studied genotypes showed higher

root length, especially in the smaller diameters, in decreasing order in the diameters 0-1,
1-2 and 2-3 mm.
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Figure 4. Variation in roots morphologic parameters from tomato plants (Solanum
lycopersicum cv. Moneymaker) WT and mutants in GAs biosynthesis grown in
hydroponic system with Hoagland complete solution. (A) Total roots length; (B) root
surface area; (C) total roots volume; (D) number of root branches. Values are presented
as means = standard error of at least six plants. Statistical analysis as described in Figure
1.

The pattern of reduction in root surface area in mutant plants was identical to
that observed in total root length for all diameters worked (Supplementary Figure S2).
Interestingly, the roots volume of WT and mutant plants in the biosynthesis of GAs
presented similar results to the parameters previously mentioned (Supplementary Figure
S3).
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visualizations of the roots with the largest diameters. Values are presented as means of
at least six plants. Statistical analysis as described in Figure 1.

In Figure 5, it is possible to visualize the proportion of thick and fine roots in
WT and mutant plants in GAs biosynthesis. It can be observed that root length of WT
and gib3 plants are composed mainly of fine roots, approximately 98.4% and 98.8%
roots 0-1 mm in diameter and 1.3% and 1.1% of 1-2 mm, respectively (Figure 5A). The
remaining 0.21% in WT and 0.14% in gib3 are distributed in thicker roots with
diameters ranging from 2 mm to >5 mm (until 10 mm) (Figure 5B). For plants gib2 and
gibl, the proportion of roots between 0-1 mm of diameter corresponds to 94.8% and

94.7%, respectively, and roots between 1-2 mm to 4.7% for both mutant genotypes
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(Figure 5A). 0.46% and 0.66% of gib2 and gibl, respectively, are distributed in roots
with diameters 2->5 mm (Figure 5B). Therefore, in gib2 and gib1l, root lengths between
2 and >5 mm correspond to more than double of the same diameters evaluated in WT
and gib3.

The proportion of roots in the surface area maintained the pattern observed for
the root length (Figure 5C and D). WT plants are composed of 89.5%, 7.1% and 3.3%
of roots with diameters of 0-1, 1-2 and 2-10 mm, respectively. Plants of gib3 mutant
presented 92.9%, 4.8% and 2.3% of roots with 0-1, 1-2 and 2-10 mm in diameter. The
gib2 has 79.5%, 15.6% and 4.9% in the same diameters mentioned above, while gibl
has 78.7%, 15.5% and 5.8%. Similarly, the pattern remained for root volume, but the
percentage of thicker roots increased (Figure 5E). Roots comprised in the diameters of
0-1 and 1-2 mm comprised a total of 70.2% and 77.6% for WT and gib3, respectively.
While for diameters larger than 2 mm, it was 29.8% and 22.4% for the same genotypes.
For gib2 and gibl, 71.7% and 72.3% of the roots are between the diameters 0-2 mm,
respectively, and 28.3% and 27.7% are roots larger than 2 mm.

Taken together, these biometric root data suggest that the low GA contents of
mutant plants alter the proportion of fine and coarse roots. However, the roots from
mutant plants still have higher length, surface area and volume in the smallest
diameters, although differences between mutants and WT in larger diameters, such as

diameters of 3-4, 4-5 and >5 mm, were found.

Carbohydrates allocation in mutant plants in GA biosynthesis

The mutants were characterized by@ label incorporation and distribution rate
similar in both leaves and roots of WT. There is a tendency of increase in the label
redistribution in amino acids, starch in the starch/sugars ratio in leaves of mutant plants,
while there is a tendency of reduction in sugars, organic acids and proteins, being
significant only in proteins for the gibl genotype. In the starch/sugars ratio, a significant
difference was observed in gib2 when compared to WT, in addition to the increase
tendency of the other mutants, suggesting that the glucose was being directed to starch
synthesis in the mutants (Table 1).

In roots, the label redistribution rate in gib3 and gib2 was lower or very
approximate to WT for all fractions analyzed, except for gib2 for amino acids and starch
(Table 1). In gibl plants, the label distribution was higher for all fractions when

compared to WT, being significant for sugars and amino acids. The starch/sugars ratio
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followed the same pattern of leaves, where mutants showed the highest values

indicating higher glucose flux to starch synthesis than WT.

The CQ evolution was lower in mutant plants in the GAs biosynthesis in both

organs, mainly in gib3 (Table 1). This suggests that gib3, gib2 and gib1l plants release

lower CQ concentrations in both autotrophic (leaves) and heterotrophic (roots) tissues,

indicating lower respiration in comparison to WT.

Table 1 Label redistribution after four hours incubation in*{C]-Glucose in leaves
and roots of GAs mutant plants.

Parameter WT gib3 gib2 gibl

LEAVES Bg g! FW

Total uptake 367.14 £45.17  359.61 £ 26.03 334.88 £ 19.28 312.26 + 10.85

Metabolised 362.56 +44.21  355.66 + 25.97 329.55+19.33 307.12 +10.51

CO; evolved* 0.1422 +0.008 0.0761 £0.006 0.1158 £0.009 0.1129 +0.016

Label incorporated in: Bg g FW
Sucrose 139.19+20.77 124.21+2.88 111.44+511 111.48+2.95
Organic acids 136.72+14.89 143.66+12.48 11250+9.81 109.15+1.83
Amino acids 12.73+£1.40 14.00 £1.18 15.96 £ 0.65 15.06 £ 0.85
Starch 42.27 +10.50 4421 +11.51 57.70+3.34 45.19 + 7.58
Protein 2.85+0.18 2.93+0.34 2.78 +£0.25 1.77+0.13
Cell wall 28.80 + 3.68 26.64 +1.41 29.16 £ 2.10 24.46 £ 1.70
Starch/Sucrose 0.33 +0.08 0.35+0.09 0.52 + 0.02 0.41 +0.07

ROOTS Bg g! FW

Total uptake 23.66 + 6.62 21.25+1.27 24.46 £ 4.13 29.09 + 3.02

Metabolised 12.16 + 2.95 10.98 £ 0.91 13.98 £ 2.54 18.12 £ 2.04

CO; evolved * 0.4805+0.063  0.2268 +0.022 0.3796 +£ 0.000 0.3572 + 0.006

Label incorporated in: Bg g FW
Sucrose 1.83+0.22 1.41+0.11 1.74 £0.27 2.66 +0.31
Organic acids 3.82+0.79 3.43+£0.30 3.87 £0.46 5.92+0.71
Amino acids 1.03+0.26 1.03+0.11 1.87 £0.32 2.14 +0.23
Starch 2.35+0.73 2.02+0.24 2.67 £0.44 3.37 £0.56
Protein 0.18 £ 0.05 0.15+0.01 0.18 +0.02 0.27 £0.02
Cell wall 2.95+0.96 2.94+£0.26 2.83+£0.53 3.78 £0.49
Starch/Sucrose 1.21 £0.29 1.44+0.11 1.52 £0.05 1.27 +0.14

Values are presented as mean + SE of determinations on three individual plants per
genotypes with two replicas per plant. Boldface type indicates values that were
determined by the t test to be significantly different (P<0.05) from the wild type. FW,

fresh weight. *as a % dfC supplied.

To determine in which fraction there was greater allocation of carbohydrates, the

fractions were calculated as a percentage of what was metabolized by tissue, leaf or root

(Table 2). In leaves of mutant plants, mainly gib2 and gibl, there was lower allocation

of labeled glucose in sugars, organic acids and proteins, with significant difference only
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in organic acids in gib2. Amino acids and starch had higher carbohydrate allocation in
mutant plants, being significant in gib2 and gib1. It is noteworthy that the cell wall also
presented higher glucose allocation in the mutant plants, but without significant
differences when compared to WT. In roots, it was observed a greater allocation of
glucose marked in sugars and amino acids in the mutants, with statistical differences in
genotypes gib2 and gibl compared to WT. In gib2 and gibl, the carbohydrate allocation
to the cell wall was reduced, with a significant difference in the gibl mutant. Organic
acids, starch and root proteins of the mutants did not present significant differences

when compared to WT (Table 2).

Tabela 2 Percentage of label incorporation in different fractions of leaves and roots of
GAs mutant plants. Values are presented as a percentage of what was metabolized by
tissue.

Parameters WT gib3 gib2 gibl

LEAVES

Porcentage 0 %

metabolised
Sucrose 37.73+1,63 35.82 + 1.53 33.65+0.73 35.79+0.70
Organic acids 38.22+1.31 40.45+1.08 33.20 £ 0.27 35.14+£1.08
Amino acids 3.57+0.19 3.92+0.13 4.93 +0.13 4.88 £0.14
Starch 1454 £ 0.34 15.99 + 0.62 17.24 +£0.24 16.74 £ 0.08
Protein 0.85+0.11 0.81 £0.03 0.83+£0.08 0.59 +0.03
Cell wall 8.00+£0.18 7.53+£0.22 8.71 £ 0.56 8.15+0.35

ROOTS

Porcentqge o] %

metabolised
Sucrose 12.48 £ 0.35 1294 +0.14 13.37£0.11 14.65+£0.51
Organic acids 32.64 +1.69 31.13+0.64 29.54 +1.85 32.89+0.78
Amino acids 8.20£0.86 9.54 +£0.33 14.27 + 0.32 12.30 + 0.45
Starch 20.57 £0.48 19.30+0.48 20.00+£0.28 19.47 + 0.59
Protein 1.49+0.18 1.44 +£0.09 1.45+0.08 1.51 £0.06
Cell wall 25.78 £ 1.20 25.79 £ 0.54 23.24 £ 0.65 20.05+1.15

Values are presented as mean + SE of determinations on three individual plants per
genotypes with two replicas per plant. Boldface type indicates values that were
determined by the t test to be significantly different (P<0.05) from the wild type. FW,
fresh weight.
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Discussion

Growth is increased and root morphology is altered by the reduction in GA levels

The gib2 and gibl plants exhibit the dwarf phenotype characteristic of mutant
lines that have a lower GA content also observed in other species (Fujioka et al., 1988
Magome et al., 2004akamoto et al., 200Mir et al., 2013). These plants presented a
much lower shoot length and also lower RGR compared to WT (Figure 1A, C e E). In
contrast, the roots of gib2 and gibl grew considerably more and grew faster compared
to shoot, and the root RGR was increased in the mutant lines (Figure 1B, D and F). It is
believed that the lower growth rate may lead to redirection of resources to support
mechanisms that promote survival, since smaller plants with a more developed root
system may be less vulnerable to stress (Achard et al., 2006). This indicates another line
for future studies, since it is suggested that plants with reduced GAs levels can better
withstand several extreme abiotic conditions (Nir et al., 2014).

Biomass is strongly reduced in plants with low GA levels (Figure 2). The higher
values of root/shoot ratio in gib2 and gibl plants in all applied treatments indicate
higher biomass patrtitioning in roots than shoot (Figure 2E). In addition, for the whole
plant, the highest biomass partitioning of the mutant plants occurred in leaves, roots and
finally in stems (Figure 2F). Plants gib2 and gibl have a dwarf phenotype due to the
smaller investment in stems and these features have probably been directesi to root

In addition, total root length, surface area and root volume data demonstrated
that the low GA contents promoted a reduction of these parameters in the mutants
(Figure 4). By analyzing the same parameters in each of the diameters worked (Figure 5
and supplementary figures S1, S2 and S3), it is possible to observe a change in the roots
morphology of the mutants and a greater investment in roots with smaller diameters as
in WT plants. Such morphological changes are related to the proportions of fine and
thick roots, with gib2 and gibl mutants having higher proportions of thick roots than
WT and gib3 (Figure 5). However, despite the alteration of this proportion of thick
roots, gib2 and gibl maintained the growth of the great majority of their roots in the
smaller diameters, roots responsible for the greater absorption of water and nutrients.
Similarly, in studies with mutants in GA biosynthesis and with GA biosynthesis
inhibitors, root thickening in pea and lettuce and finer roots were seen when treated with
GA (Tanimoto, 1987, 1994).
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Two hypotheses may explain the role of GAs in root lengthening and thickening.
First, root elongation is regulated by significantly lower GAs concentration than stem.
Second, the roots present a higher GA sensitivity in comparison to shoot. Long roots
and short stems can be advantage when there is a limited production of GAs in plant
(Tanimoto, 2012). It is noteworthy that the knowledge of molecular mechanisms of this
greater sensitivity of roots to GA may also provide a new strategy to improve the
root/shoot ratio for agricultural purposes, as happened in the called "green revolution"
(Tanimoto, 2012).

Additionally, the total leaf area of the mutants is drastically reduced (Figure 3B).
However, the leaves proportion of the mutants presented similar results and the roots
proportion was increased, compared to WT (Figure 2). Therefore, even with reduced
GAs levels, the proportion of mutants showed a greater investment in roots suggesting
that shoot growth is decoupled from root growth because the responses are
differentiated. In contrast, when analyzing growth and physiological responses of
creeping bentgrass to changes in air and soil temperatures, it was found that soll
temperature was more critical than air temperature for plant growth and roots may
mediate shoot responses to heat stress (Xu and Huang, 2000). This response was due to
direct inhibition of root growth and activity and, therefore, limitation of water and
nutrient supplies to the shoot (Kramer, 1983), disruption of cytokinins synthesis in roots
(Smart et al., 1991) and increasing abscisic acid transport from root to shoot
(Udomprasert et al., 1995).

There are strong indications that root elongation and thickening can be regulated
by a lowest GA concentration and/or by a greater roots sensitivity to GA giving
advantage when GA production is limited (Tanimoto, 2012). Although the leaves of
these mutants are smaller, they are thicker explaining the results of biomass partitioning
to leaves. These leaf characteristics of the mutants have already been evidenced in
previous studies (Koornneef et al., 1990). Corroborating with these results, gib2 and
gibl plants had a smaller specific leaf area (Figure 3A). The differences in leaves, stems
and roots growth observed can be explained by (Tanimoto, 2012) using mutant plants
also in GA biosynthesis, where the production of active GA in the plant is regulated
locally, indicating that the shoot regulation is different from the root regulation. That is,
even with reduced GAs amounts in roots, root growth and development is little affected

proportionally.

94



Conversely, GA deficient Arabidopsis mutants showed reduced active GAs
levels in root compared to WT, and this was associated with losses in root elongation
(Griffiths et al., 2006 Ueguchi-Tanaka et al., 200Willige et al., 2007). In transgenic
tobacco plants with altered biosynthesis rate (GA200x), catabolism (GA20x1) and GA
signaling (GAI), has been shown that GA have an inhibitory effect on adventitious roots
and a stimulatory effect on root elongation of these plants (Niu et al., 2013). Reduced
GA levels are necessary for maintenance of undetermined meristem cell fate (Sakamoto
et al., 2001), whereas high GA concentrations promote cell differentiation and
expansion (Jasinski et al., 2Q0Shani et al., 2006). Increases in the GA endogenous
content can induce significant increases in root elongation. On the other hand, the
reduction of GA levels results in a decrease in the root growth rate (Lo et al., 2008). It is
believed that reduced GA levels are required for the maintenance of undetermined
meristematic cells (Sakamoto et al., 2001), while high GA concentrations promote cell
differentiation and expansion (Shani et al., 2006). The regulation of the GA-dependent
elongation is restricted to the root meristem and is not observed in the root elongation

zone and root differentiation zone (Achard et al., 2008lige et al., 2011).

Shoot metabolism is not coupled to root metabolism

Leaf disks of WT plants and mutants in the GA biosynthesis were incubated in
[U-14C] -glucose for four hours and the evolution of @énded to decrease in mutants,
it could be said that there was a tendency to reduce respiration (Table 1). Similarly, leaf
dark respiration of GAs mutant plants using an infrared gas analyzer showed the same
reduction pattern (Chapter 1). The consistency of the gas exchandéCanduptake
responses between intact plants and excised leaf discs suggests that the metabolic
effects described above are due to a direct effect of endogenous GA reduction on the
leaves. GAs biosynthesis is associated with respiration of whole plant cells, more
specifically to 2-oxoglutarate, intermediate of the tricarboxylic acid (TCA) cycle.
However, 2-oxoglutarate is not only an intermediate in the TCA cycle but also cofactor
a variety of reactions, including the biosynthesis of amino acids and GAs, which can
control biosynthesis rates (Araujo et al., 2014). Corroborating with the observations of
these authors, 2-oxoglutarate significantly reduced in leaves the three mutants under
well-watered conditions (Chapter 1). Others intermediate of TCA cycle as malate and

succinate also reduced in gib2 and gibl. Inversely, the asparagine, glutamine, lysine,
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isoleucine, serine and tryptophan increased indicating that 2-oxoglutarate may be being
diverted to the synthesis of this amino acids.

We know that starch is the end product of photosynthesis and the predominant
carbohydrate reserve in many species and is important for plant development (Gibon et
al., 2004 Stitt and Zeeman, 2012). The carbon division alteration to starch and not to
sugars, especially sucrose, may be the reason for the lower shoot growth of the mutant
lines. In addition, it is suggested that proteins synthesis from amino acids is occurring at
low rates and this accumulation of amino acids in the mutant plants caused in the
reduction of TCA cycle activity corroborating with the lower organic acids and
respiration rates, and lower shoot growth and leaf area in gib2 and gibl. According to
(Hildebrandt et al., 2015), carbon skeletons from amino acids are converted into
precursors or intermediates of the TCA cycle to support mitochondrial metabolism and
ATP biosynthesis, while the oxidation of certain amino acids (such as leucine,
isoleucine, valine and lysine) can directly supply electrons to the mitochondrial electron
transport chain (Aratjo et al., 2018aUJo et al., 2012).

The reductions in C®evolved at mutant roots, which can be called respiration,
did not translate into lower root growth when compared to shoot. Probably because the
shoots were being displaced to support the root growth, as the root/shoot ratio was
higher (Figure 2A) and lower shoot RGR (Figure 1C and D). It is likely that most of the
sucrose transported to roots have not been converted to reserve carbohydrates like starch
(Stitt and Zeeman, 2012). Additionally, the allocation of labeled carbon to amino acids
was significantly higher in gib2 and gib1l indicating that this source of alternative
energy reserve was not being used, corroborating the low respiration rates found since
the release ot*CO, and higher accumulation of glutamine, homoserine, methionine,
ornithine, tryptophn, tyrosine and PB-alanine (Chapter 1). The GA might modify
primary metabolism mat the entry point of TCA cycle. In addition, it has been
demonstrated by the over expression of genes associated with GA biosynthesis (GA 20-
oxidase) or catabolism that GA (GA 2-oxidase) levels play key roles on transcription
genes influencing plant growth (Biemelt et al., 20@&ayan et al.,, 2010). Thus,
accumulation of amino acids in the mutant plants may be caused in the reduction of
TCA cycle intermediate, mainly 2-oxoglutarate, citrate, malate and succinate (Chapter
1), corroborating with the lower organic acids and respiration rates founded here, and
lower root growth in gib2 and gibl compared to WT.



In general, evolved C£and incorporation of labeled carbon presented different
values and patterns when comparing leaves and roots. In other works of the same
research group, it can be observed that the metabolic profile of leaves and roots of the
same genotypes followed the pattern found in the present study (Martins 2017, thesis;
Chapter 1). Therefore, it is suggested that leaf metabolism is not coupled to root
metabolism, as also observed for growth parameters. It is important to emphasize that,
when says that the metabolism or root growth is decoupled from the shoot, it does not
mean that they are independent organs, but mean that the responses between the organs

are differentiated.

Conclusions
In summary, root growth and morphology appear to be less affected by the low

content of endogenous GAs than shoot. The lack of GA changes the metabolism
respiratory and labeled carbon allocation in leaves and roots differently, probably due to
the higher GA sensitivity of roots. Additionally, the lower shoot and root growth in gib2
and gibl was due the accumulation of amino acids in both organs of the mutant plants
causing the reduction of TCA cycle intermediaries corroborating with the lower
respiration rates. Therefore, our data suggest that the shoot responds differently from the
root and that the root growth and primary metabolism are decoupled from the shoot in

GA-deficient plants.
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Supplementary figure S1Variation in biometric parameters of tomato plants (Solanum
lycopersicum cv. Moneymaker) WT and mutants in GAs biosynthesis grown in
Hoagland complete solution. (A) Leaf dry weight; (B) stem dry weight; (C) roots dry
weight and; (D) total plant dry weight. Values are presented as means + standard error
of at least six plants. Asterisks indicates significant difference by Student's t test at 5%
probability (P<0.05) among genotypes in the same treatment, always comparing to WT.
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WT gib3 gib2 gib1

Supplementary figure S2.Root visual aspect tomato plants (Solanum lycopersicum cv.
Moneymaker) with low levels of endogenous GAs, gib3, gib2 and gibl, at the end of
experiment.
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Supplementary figure S3. Root system images of tomato plants (Solanum
lycopersicum cv. Moneymaker) obtained with WinRHIZO Pro 2007a attached to a
scanner. (A) Root fragments of WT plant; (B) root fragments of gib3 plant; (C) root of
gib2 plant and; (D) root of gibl plant. Root of WT and gib3 plants were fragmented in
six parts and each one scanned separately. Each image has 40 cm length x 30 cm width.

104



50000 700

A 0-1 mm diameter B 1-2 mm diameter
r 600
40000 -
r 500
30000 1 | 400
20000 | i . . 300
1 1 L 200
10000 -
* * r 100
0 0
60 C 2-3 mm diameter D 3-4 mm diameter [ 12
F 10
B I €
o 40 | 8 o
5 I 5 B
c . c
) )
- 204 . I P4 -
-
ﬁ F2
0
gl E 4-5 mm diameter F >5 mm diameter L 14
12
61 10
4 * * * r 8
T * 6
2 T 4
r2
0 . . . : 0
WT  gib3  gb2  gib1 WT  gib3  gb2  gib1
Genotypes Genotypes

Supplementary figure S4. Total root fractions length, separated by diameter, from
tomato plants (Solanum lycopersicum cv. Moneymaker) WT and mutants in GAs
biosynthesis grown in hydroponic system with Hoagland complete solution for four
weeks. (A) Total root length with diameters from 0 to 1 mm; (B) total root length with
diameters from 1 to 2 mm; (C) total root length with diameters from 2 to 3 mm; (D)
total root length with diameters from 3 to 4 mm; (E) total root length with diameters
from 4 to 5 mm; (F) total root length with diameters >5 mm. Values are presented as
means + standard error of at least six plants. Statistical analysis as described in
supplementary figure S1.
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Supplementary figure S5.Total root fractions surface area, separated by diameter,
from tomato plants (Solanum lycopersicum cv. Moneymaker) WT and mutants in GAs
biosynthesis grown in hydroponic system with Hoagland complete solution for four
weeks. (A) Root surface area with diameters from 0 to 1 mm; (B) root surface area with
diameters from 1 to 2 mm; (C) root surface area with diameters from 2 to 3 mm; (D)
root surface area with diameters from 3 to 4 mm; (E) root surface area with diameters
from 4 to 5 mm; (F) root surface area with diameters >5 mm Values are presented as
means * standard error of at least six plants. Statistical analysis as described in
supplementary figure S1.
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Supplementary figure S6.Total root fractions volume, separated by diameter, from
tomato plants (Solanum lycopersicum cv. Moneymaker) WT and mutants in GAs
biosynthesis grown in hydroponic system with Hoagland complete solution for four
weeks. (A) Root volume with diameters from 0 to 1 mm; (B) root volume with
diameters from 1 to 2 mm; (C) root volume with diameters from 2 to 3 mm; (D) root
volume with diameters from 3 to 4 mm; (E) root volume with diameters from 4 to 5
mm; (F) root volume with diameters >5 mm. Values are presented as means + standard
error of at least six plants. Statistical analysis as described in supplementary figure S1.
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Chapter 3

Reciprocal grafting promote shoot and root growth in GA-deficient tomato plants
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Abstract

Little known about the regulation of the hormones, RNAs, proteins transport
from biosynthesis places to tissues and organs that are require for growth. To
investigate the signaling transport from shoot to root and vice versa, it was performed
reciprocal grafts of WT and tomato mutants lines (Solanum lycopersigind, gib2
and gibl, with are moderate, medium and highly GA-deficient mutants, respectively.
Biometric, morphologic and metabolic parameters were analyzed in leaves and roots. In
this study it was suggested that some signal, as precursor or active GA, derived from
shoot might be transported to the roots, and vice versa, under optimal growth conditions
for tomato plants. This conclusion was possible due to reversion of the root and shoot
phenotype of GA-deficient mutants, especially gib2 and gibl. In addition, of the
qguantified metabolites in leaves and roots, amino acids in mutant rootstock were been
used to growth probably. However, further studies are still needed to identify the

transported molecule between the organs of GA-deficient tomato plants.
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Introduction

The gibberellins (GAs) are an important family of diterpenoid compounds, of
which only few member such as Gand GA, with multiple functions in the regulation
of physiological processes associated by growth and development (Hedden and Kamiya,
1997; Olszewski et al., 200Sakamoto et al., 200&un and Gubler, 200Zhu et al.,

2006 Gao et al., 20L1Regnault et al., 2016). During plant life cycle, GAs influence
seed germination, vegetative growth, flowering and fruit development (Hedden and
Thomas, 2012). GAs also respond to intrinsic (development) and extrinsic
(environmental) stimuli, which can regulate their biosynthesis, inactivation, perception
or signal transduction, acting at various GA pathway points (Hedden and Thomas,
2012).

The GAs can be synthesized in young and actively growing organs, such as
developing leaves and expanding internodes, but also in roots (Smith et al., 1992),
which are also sites of action of these GAs (Hedden, 2012). It has been previously
reported that GAs in Arabidopsis roots are mainly accumulated in the endoderm cells of
stretching zone and the presence of an GA active transport mechanism has also been
strongly suggested (Shani et al., 2013). However, GAs production in maturing leaves
occurs in plastids associated with the foliar vascular system (Silverstone et al,, 1997)
exporting GAs to other parts of the plant by phloem (Eriksson et al., 2006). Currently, it
is known that GAs can be transported cell-cell (or between tissues) through membrane
transporters (Tal et al., 2016) or from one organ to another, as from root to leaves (and
vice versa), through xylem and phloem conducting vessels (Regnault et al,, 2015
Regnault et al., 2016). The optimal levels of active GAs are controlled by regulatory
mechanisms that involve genes encoding GA biosynthesis enzymes. Moreover, little is
known about the regulation of GA transport from biosynthesis places to tissues and
organs that require GAs for growth.

The grafting and micrografting technique is an excellent approach to study the
long-range GAs signaling in plants (Bidadi et al., 204dtaguchi and Okamoto, 2015
Spiegelman et al., 201Regnault et al., 2016). However, for the study of short-range
GAs transport, experiments with the exogenous GAs application are more indicated to
show the precursors and bioactive GAs movement (Dayan et al.;, 3048 et al.,
2013). Using grafting experiments with pea WT on mutants in the GAs biosynthesis, it

was shown the influence of the root system on the shoot with the GAs supply by
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reversing the plant phenotype (Dodd, 2005). In addition, it has recently been shown
through micrografting and biochemical approaches that the @#ecursor is mobile

GA transported over long distances through the Arabidopsis vascular system (Regnault
et al., 2015Regnault et al., 2016).

Some carriers of plant hormones at short distances have been identified in
Arabidopsis, yeast and oocytes (Kanno et al., 2012) The Arabidopsis NRT1/PTR
FAMILY (NPF) proteins, initially characterized as nitrate or di/tri-peptide transporters,
ware also identified as plant hormone transporter like auxin (AtNPF6.3/CHL1/NRT1.1)
(Krouk et al.,, 2010), abscisic acid (NPF4.6/NRT1.2, AtNPF6.3/CHL1/NRT1.1,
AINPF2.10/GTR e AtNPF3.1) (Huang et al., 19990ouk et al., 2010 Chiba et al.,

2015 Tal et al., 2016), jasmonoyl-isoleucine (AtNPF2.10/GTR1) (Chiba et al., 2015)
and more recently, GAs (AtNPF2.10/GTR1, AtNPF3.1) (Chiba et al.,;Zldl%et al.,

2016). The AIT3 proteins, a member of the NRT1/PTR family, can transport abscisic
acid as well as GAin yeast (Kanno et al., 2012). AtSWEET13 and AtSWEET14 are
some Arabidopsis SWEET proteins transport GA when expressed in yeast and Xenopus
oocytes (Kanno et al., 2016).

The long-range traffic of signaling molecules by conducting vessels such as
hormones, RNAs and proteins have been identified and characterized in plants
(Giavalisco et al., 20Q6.ough and Lucas, 200®mid et al., 2007Bidadi et al., 2014
Spiegelman et al., 2015). Recently studies, demonstrated that ABA can be transported
over long distances through the tomato and pea vascular system (McAdam et al., 2016).
It was observed that GAs are transported in Arabidopsis by xylem and phloem
(Regnault et al., 20313Regnault et al., 2016). FLOWERING LOCUS T (FT) protein is
best characterized at long-range, from leaves to apex, in several species with control
function the flowering beginning (Corbesier et al., 200amaki et al., 2007)
CLAVATA3/ESR-embryo surrounding region-related (CLE) peptide plays a central role
in cell-cell communication and controls the division/differentiation of meristematic
tissue cells through plant hormone-regulated signaling pathways such as auxin and
cytokinin (Hejatko et al., 2009). CLEG6 acts at long-range and is one of the genes coding
for CLE peptides, is highly expressed in hypocotyls and roots, especially in stem cells.
The systemic effect of CLE6 was verified since it was transported via xylem from root
to shoot and partially compensated for the dwarfism associated with GA deficiency that
was demonstrated by grafting with GA deficient mutant and plants overexpressing
CLEG6 (Bidadi et al., 2014). In addition, it was verified the phloem traffic from WT
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SICypl protein (graft) to tomato dgt mutant (plants that have low auxin sensitivity due

SICypl gene mutations) resulting in large root transcriptome changes and recovery of
the auxin response capacity, restoring the lateral roots development and the xylem
vessels formation. Additionally, it has been shown that this protein is upregulated by the
increase in light intensity that correlates with the increase of specific root growth and

reduction of the shoot-root ratio (Spiegelman et al., 2015). It is worth noting that

grafting is an important tool for the study of rdotshoot communication, especially

for studies aimed at identifying molecules and/or mechanisms associated to abiotic

stresses tolerance.

In previous chapter, we have shown that GA levels is important in response to
water stress in tomato plants, however it was not clear if the observed phenotypes were
consequence of alteration in signals coming from the roots or shoots. In this study we
used tomato mutant plants deficient in GAs biosynthesis, gib3, gib2 and gibl, with
moderate, intermediate and severe deficiency, respectively. The tolerance of mutants
plants to water deficit was verified and was attributed to several causes: (i) greater root
growth over shoot, (ii) leaf architecture and morphology of mutant plants, (iii)
pronounced accumulation of proline in leaves and roots (Chapter 1). However, it is
believed that the high root growth and root/shoot ratio alteration of these mutant plants
were the important factors responsible for tolerance. Therefore, it is possible a
differential regulation between the shoot and root in which compounds/molecules may
be moving in a regulated manner promoting tolerance. To investigate this hypothesis,
complementary studies of aerial and root growth and metabolism are required. Thus, |
performed reciprocal grafts of WT and mutant tomato lines (Solanum lycopersicum) in
the GAs biosynthesis, gib3, gib2 and gibl and analyzed biometric, morphologic and

metabolic parameters.
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Material and methods

Description of genotypes used

The mutant tomato plants (Solanum lycopersicum L. cv. Moneymaker) deficient
in GAs biosynthesis used in this study were produced and characterized genotypically
and phenotypically previously by (Koornneef et al., 1990). The mutants were obtained
by immersion of seeds of commercial cultivar Money-maker in solution of ethyl
methane sulfonate mutagenic agent (EMS). The genotypic analysis performed initially
revealed that the mutations generated by EMS occurred at different loci, located on
different chromosomes (Koornneef et al., 1990). The mutants named gib3, gib2 and
gibl have mutations in chromosomes seven, one and six, respectively (Koornneef et al.
1990). The characterization of gib1l and gib3 mutants revealed that these genotypes have
reduced ent-copalyl diphosphate synthase enzyme activities, with a reduction of 94% in
relation to wild type (WT) and ent-kaurene synthase, with a reduction of 93% compared
to WT, respectively. These enzymes participate of first reactions of GAs synthesis
located in the plastids. For gib2, although the level of activity reduction was not known,
it must have affected the expression of the ent-kaurenoic acid oxidase enzyme located in
the endoplasmic reticulum (Bensen and Zeevaart, 1990). Together, low gene expression
and low activity of these three enzymes resulted in mutant plants with reduced GAs
levels (Koornneef et al., 1990).

Experimental conditions

The experiment was performed at Vigosa (20°45’S, 650 m altitude), Minas
Gerais, in green house, on Department of Plant Biology of Universidade Federal de
Vicosa.

Wild type tomato plants and mutants deficient in the biosynthesis of GAs, gibl,
gib2 and gib3 (highly, intermediate and moderately deficient) were used, kindly
provided by Dr. Koornneef (Max Planck Institute for Plant Breeding Research, Colonia,
Germany).

The seeds were germinated in Petri dish (15 cm of diameter) containing two
layers of germiteste paper towels moistened witluI0GA4+7 solution. Subsequently,
the plates were housed in a growth chamber BOD type (Forma Scientific, Inc, Ohio,
EUA), under photoperiod of 12/12 hours (day/night), temperature 2&/16ay/night),

relative humidity 65+5% and luminous intensity of 1Mol photons nt s?, for a
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period of seven days. Each day, germinated seeds with a radicle emission of one
centimeter in length were transferred to vase of 0.08 cbntaining Tropstrato HT
commercial substrate for vegetables and remained in growing chambers until
cotyledonary leaves expansion. The vase were kept in a greenhouse and, after the
appearance of three completely expanded leaves, the seedlings were transplanted to
vessels of 1.4 diContaining substrate for vegetables supplemented with the 4:14:8
NPK granulated (equivalent at 4% of (WHNOz3)", 14% of BOs, 8% of K0) in the
proportion of 0.5 kg of NPK to 10.0 kg of substrate. Plants were cultivated for six
weeks in a greenhouse and were watered daily in order to keep the substrate moisture of
vase close to the field capacity until the end of experiment. One week after
transplantation, the grafts were performed. The experiment was conducted under
optimum conditions to the growth of plants to observe the different phenotypes
generated and to collect biometric data. Leaf and root samples were collecténl also

determine some metabolites below described.

Grafting technique

The communication between root and shoot of the different plant genotypes was
evaluated using the grafting technique. Grafting followed as described by (Spiegelman
et al., 2015). Slotted grafting was performed one week after transplantation when plants
had 2-3 fully expanded leaves. A slit was made 5 mm below the cotyledonary leaves
and grafts were supported using Solanaceae silicon clips for grafting (Supplementary
figure S1 A). The grafting site was wrapped with film paper (Supplementary figure S1
B) and the grafted plants covered with a clear plastic bag, immediately after grafting, for
seven days. It is possible to visualize the grafted site cicatrization approximately one
week after grafting technique (Supplementary figure S1 C).

The grafts were performed and 10 combinations of plants were generated from
the four genotypes. Each of the mutants was individually grafted with WT which the
WT was scion at one time and rootstock at another. Are they: WT (scion)/WT
(rootstock), WT/gib3, gib3/WT, gib3/gib3, WT/gib2, gib2/WT, gib2/gib2, WT/gibl
gibl/WT e gibl/gibl. WT/WT, gib3/gib3, gib2/gib2 gibl/gibl combinations were
self-grafited and used as control of the other combinations. To observe the effect of the
grafting technique on the plants, the ungrafted mutant and WT genotypes were included
as a second control. Non-grafted and self-grafited plants were included as controls. The

comparison between the non-grafted and self-grafited plants, with the biometric and
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biochemical parameters evaluated, were in the supplementary data. Six plants of each

combination or genotype were used, each plant being considered a repetition.

Phenotype and growth analysis

The record of plant growth after grafting was done every seven days until the
end of the experiment using a digital camera.

Growth in shoot height was determined during and at the end of experiment.
Plant growth was monitored every three days. For this, height of plants was monitored
with help of a millimeter rule from the lap height to the apical bud throughout the
experiment. The final height, shoot dry weight (leaves and stem), root dry weight, total
leaf area and specific leaf area were determined at the end. Subsequently, relative
growth rate in height (RGR-h) was calculated by (Evans, ;19d@t, 1982).

Eight leaf discs of 0,212 {0,519 cm of diameter) were stove dried at 65 °C
until constant dry weight for determination of specific leaf area. The total leaf area was
estimated from the specific leaf area using the dry weight of all leaves. The
determination of both specific leaf area and total leaf area was performed following
protocol described by (Mielke et al., 1995). The specific leaf area was calculated using

equation:

Specific leaf area (frg!) =_leaf area of discs @n .

dry weight of discs (Q)

Leaf samples were collected, immediately frozen in liquid nitrogen and stored at
-80 °C until analysis. Leaves, stems and roots were separated and immediately taken to
the stove with forced ventilation at 65 °C to obtain the dry weight (DW) after constant
weight. Values of dry weight, biomass partitioning of leaves, stems and roots and shoot-
root ratio were calculated by (Benincasa, 1988).

Ethanolic extraction

For the determination of the metabolites, leaf and root samples were collected in
the middle of the light period and immediately frozen in liquid nitrogen and stored at -
80°C until extraction. Aliquots of approximately 30 mg of fresh macerated mass of both
tissues were used for biochemical analysis. The samples were subjected to hot ethanol
extraction by the addition of 25@0L of 98% ethyl alcohol to the 1.5 mL microtubes
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containing the macerate. The samples were homogenized and incubated for 20 min at 80
°C with shaking of 822 g. After this time the microtubes were centrifuged at 17,000 g
for 10 min at 4 °C. The supernatant was collected and stored in a new 1.5 mL tube. The
resulting precipitate was subjected to two further extractions as described above, using
150 and 250 pl of 80% and 50% ethyl alcohol, respectively. The supernatants obtained

in these steps were combined and, as well as the resulting precipitate, stored at -20 °C
for analyzes of the metabolites as previously described (Nunes-Nesi et al., 2007). The
levels of chlorophyll a, chlorophyll b, were determined immediately and subsequently
malate, fumarate, and total amino acids were quantified, all quantified from the

ethanolic extract. Total proteins were determined from the precipitate.

Determination of pigments, amino acid, protein, malate and fumarate

Leaf and root samples were submitted to hot ethanol extraction above described
for metabolic determination. Photosynthetic leaf pigments will be determined according
to the methods by (Porra et al., 1989). Proteins and amino acids (Gibon et al., 2004),
malate and fumarate contents (Nunes-Nesi et al., 2007) were determined in leaves and

roots.

Experimental design

The data were obtained from completely randomized experimenta in
greenhouse system. Ten combinations of plants were generated by graft from the four
genotypes (WT/gib3, gib3/WT, WT/gib2, gib2/WT, WT/gibl and gibl/WT), which
four combinations are self-grafted plants (WT/WT, gib3/gib3, gib2/gib2 and gib1/gibl).
The self-grafted plants are controls from grafted plants. The non-grafted gib3, gib2,
gibl and WT were included as self-grafting controls. Thus, the non-grafted plants are
controls from self-grafted plants. Six plants of each combination or genotype were used,
each plant being considered a repetition. The results were submitted to analysis of
variance (ANOVA) and, to verify statistical difference between combinations and
control (non-grafted or self-grafted), the means were compared by Tukey test &t 5% o

probability (P<0.05) with the aid of the algorithms present in Genes program.
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Results

The shoot phenotype is partially reversed in WT scion grafted by rootstock gib2 or
gibl

Self-grafted plants exhibited a shoot phenotype similar to non-grafted plants
during six weeks of greenhouse cultivation, always comparing with their corresponding
genotype (example: WT/WT grafted plants with non-grafted plants WT, gib3/gib3 with
gib3, and so on). However, it was possible to observe that self-grafted plants presented
reduced growth in comparison to non-grafted ones (Figure 1). WT scion grafted onto
GA-biosynthetic mutants (gib3, gib2 or gibl) rootstock, are WT (scion)/gib3
(rootstock), WT/gib2 and WT/gibl, showed the aerial phenotype similar to WT/WT
control plants.

When reverse grafting, whose mutant plants were used as scion and WT
rootstock (gib3/WT, gib2/WT and gib1/WT), it was observed that the shoot phenotype
was similar to its respective self-grafted control. In this case, the comparison was
between gib3/WT grafted with gib3/gib3 self-grafted plants, gib2/WT with gib2/gib2
and gibl/WT with gibl/gibl. However, mainly the gib2/WT and gib1l/WT grafts
exhibited a partial reversion of the shoot phenotype evidenced by the higher growth in
relation to their self-grafted controls gib2/gib2 and gib1/gibl, respectively. These shoot
alterations were more discrepant in plants from two weeks after grafting and especially
in older plants (Figure 1B and C).

When analyzing the final height of the graft combinations, similar results to the
shoot phenotype were observed (Figure 2A). WT/WT, gib3/WT, WT/gib2 and WT/gibl
plants showed the highest height, with a reduction in WT/gib3. In gib2/WT and
gibl/WT the lowest heights and significant were observed when compared to the
previous grafts, however, similar to gib2/gib2 and gib1/gibl, respectively. In the height-
relative growth rate (RGR-h), in the period after grafting to the end of the experiment,
similar patterns to final height were observed (Figure 2B). Plants WT/WT, WT/gib3
gib3/WT, gib3/gib3, WT/gib2 and WT/gibl were those that grew at higher speeds
during the experiment and gib2/WT, gib2/gib2, gibl/WT and gibl/gibl the ones that
grew more slowly. Interestingly, WT/gib2 and WT/gibl had the highest RGR-h while
gib2/gib2 and gib1/gib1 had the smallest RGR-h.
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1st week after grafting

]:10 cm
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gib3/gib3 gib2/gib2 gib1/gib1
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T
:
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WTWT  WTigib3  gib3WT  gib3/gib3 WTMWT  WTigib2 gib2WT  gib2lgib2

gib2  gib1

WT/gib3 gib3WT  gib3lgib3 WTigib2 gib2WT  gib2igib2 WT/gib1 gibIIWT  gib1/gib1

7t week after grafting
Troem

gib3 gib2  gib1 gib3/gib3  gib2/gib2 gib1/gib1

WT/WT WT/gib3 gib3/WT  gib3Igib3 WT/gib2 gib2/WT gib2igib2 gib1WT gib1/gib1

Figure 1. Visual aspect of non-grafted, self-grafted and grafted tomato plants (Solanum
lycopersicum cv. Moneymaker) under optimal growth conditions at green house. (A)
First week after grafting; (B) Fourth week after grafting and; (C) Seventh week after
grafting. Representative vertical bars equal to 10 cm.
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At the end of the six weeks of greenhouse cultivation, the total leaf area and
specific leaf area were determined (Figure 2C and D). Total leaf areatpebegher
values in WT/WT, WT/gib3, gib3/WT, WT/gib2 and WT/gibl with significant
reductions in gib3/gib3. The most drastic reductions in total leaf area occurred in plants
gib2/WT, gibl/WT, gib2/gib2 and gibl/gibl (Figure 2C). The specific leaf area was the
biometric parameter related to shoot that presented similarity in all genotypes. The
gibl/WT presented higher values of specific leaf area while WT/WT, gib2/gib2 and
gibl/gibl presented the lowest values (Figure 2D). Intermediate values of specific leaf
area of the other combinations were found, not differing from gibl/WT nor from
WT/WT, gib2/gib2 and gibl/gibl. Interestingly, in the grafts which the mutant
genotypes were scion lower specific leaf area was observed, except for the combination
gibl/WT which was the highest value. The biometric data of self-grafted plants
(WT/WT, gib3/gib3, gib2/gib2 and gib1/gibl) and non-grafted plants (WT, gib3, gib2
and gibl) were compared to each other to know the influence of grafting on growth
(Supplementary Figures S2 and S3). As some differences can be observed among them,
the self-grafted plants were used as a comparison of the WT scion grafte@Amto

biosynthetic mutant rootstock.

Root growth is completely reversed in GA-biosynthetic mutants rootstock grafted
onto WT scion

The leaves, stems, roots dry weight and the total dry weight presented a similar
pattern among genotypes (Figure 3A, B, C and D). Corroborating with data of shoot
growth and leaf area above mentioned, leaf and stem weight were higher in WT/WT
followed by gib3/WT, WT/gib2 and WT/gibl (Figure 3A and B). Reduction was
observed in WT/gib3 and gib3/gib3 plants and more drastic reductions in gib2/WT,
gib2/gib2, gibl/WT and gib1/gibl, with statistical differences compared to WT/WT
plants, in both leaf and stem dry weight. As well as on the leaves dry weight, the

significant reductions in stems dry weight were found in gib2 and gibl scion.
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Figure 2. Variation in growth parameters related to height and leaf are parameters of
self-grafted and grafted tomato plants (Solanum lycopersicum cv. Moneymaker) under
optimal growth conditions. (A) Final height of plants; (B) relative growth rate in height
(RGR-h) of plants; (C) total leaf area and; (D) specific leaf area. Values represent
means * standard error of at least six plants. Letters indicates significant difference by
Tukey test at 5% probability (P<0.05) between grafted combinations and self-grafited
control.

Concerning root dry weight, the strong reductions were observed in gib2 and
gibl1 scion (gib2/WT, gib2/gib2, gib1l/WT and gib1/gibl) when compared to the other
grafting (Figure 3C). The high values of the WT/gib2 and WT/gibl and WT/WT,
without differences between them, indicated completely reversal in root growth by
observation root dry weight.

In gib2/gib2 and gibl/gibl self-grafting plants, higher root/shoot ratio was
observed indicating root mass accumulation in comparison of shoots, and the smaller in
plants with WT or gib3 scion (Figure 3D). Also high values of this ratio were found in
gib2/WT and gibl/WT, but smaller than gib2/gib2 and gibl/gibl. The biomass
partitioning results corroborate with the results of higher partitioning in roots of
gib2/WT and gib1/WT plants, especially in gib2/gib2 and gib1/gibl self-grafted (Figure
3F). This higher biomass partitioning in roots these combinations is due to the lower

partitioning in stems, since the partitioning in leaves was very high in these plants.
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Figure 3. Biometric parameters variation of self-grafted and grafted tomato plants
(Solanum lycopersicum cv. Moneymaker) under optimal growth conditions. (A) Leaf
dry weight; (B) stem dry weight; (C) root dry weight; (D) total dry weight of plant; (E)
ratio between root and shoot; (F) biomass partitioning which bars represent the
percentage of the total dry weight of each organ. Values are presented as means *
standard error of at least six plants. Statistical analysis as described in Figure 2.

Photosynthetic pigments predominate in leaves of WT and gib3 scion

The content of leaf photosynthetic pigments was quantified in all grafting
combinations as well as in those non-grafted plants (Figure 4 and supplementary figure
S4). The amount of chlorophyll (Chl) a and Chl b was significantly higher in plants
WT/gib3, gib3/WT, gib3/gib3, WT/gib2 and WT/gibl (Figure 4A and B). Lower values
of these pigments were found in gib2/WT, gib2/gib2, gib1/WT, gibl/gibl and also in
WT/WT. In all combinations, the Chl a is highly accumulated in leaves in comparison
with Chl b. Consequently, total Chl followed the same pattern of accumulation
observed, whose plants WT and gib3 scion had the largest accumulations (Figure 4C).
The Chl a/Chl b ratio did not show many statistical differences between the grafted
plants worked (Figure 4D). A higher ratio can be observed in plants WT/gib2, WT/gibl
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and gib1/WT, indicating a greater accumulation of Chl a compared to Chl b. The lowest

values were found in gib2/gib2.
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Figure 4. Photosynthetic pigments variation in leaf of self-grafted and grafted tomato
plants (Solanum lycopersicum cv. Moneymaker). (A) Chlorophyll (Chl) a; (B) €hl b
(C) total Chl and; (D) ratio between Chl a and Chl b. Values are presented as means +
standard error of at least six plants. Statistical analysis as described in Figure 2.

Nitrogen metabolism and organic acids changes in leaves and roots

Among the metabolites involved in nitrogen metabolism, the proteins and amino
acid levels in leaves and roots of grafted and non-grafted plants were determined
(Figure 5 and supplementary figure S5). Leaf protein content presented higher values in
gib3 scion or gib3 rootstock (Figure 5A). The gibl scion or rootstock showed lower
values of total proteins, but they did not differ significantly from WT/WT and
gib1/gibl. In roots, the total protein content was variable but can be noted that WT/gib3
differ significantly of WT/WT (Figure 5B). However, it can be observed that leaves
showed nearly double protein content present in roots in all combinations.

The amino acid content in leaves did not present statistical differences in any
grafts combination (Figure 5C). In roots, the highest levels of amino acids were
observed in gib1/gibl, gib2/gib2, followed by gib2/WT, gibl/WT and the lowest levels

in WT/WT. Significant reductions in amino acids content were observed in WT/gib2
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and WT/gibl when compared to controls gib2/gib2 and gib1/gibl, but did not differ to

WT/WT. Unlike protein content, the amino acid content in leaves and roots is similar.
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Figure 5. Metabolite levels changes involved in nitrogen metabolism in leaf and root of
self-grafted and grafted tomato plants (Solanum lycopersicum cv. Moneymaker). (A)
Leaf protein content; (B) root protein content; (C) leaf amino acids content and; (D) root
amino acids content. Values are presented as means + standard error of at least six
plants. Statistical analysis as described in Figure 2.

The concentrations of two organic acids in leaves and roots, malate and fumarate
were also determined (Figure 6 and Supplementary figure S6). The malate content in
leaf was higher in the WT/WT followed by gib3/gib3, gib2/WT, gib2/gib2, WT/gibl
and gib1l/WT (Figure 6A). The lowest values of leaf malate were found in gibl/gibl
Root malate levels were higher in WT/WT followed by WT/gibl, WT/gib2, gib3/gib3
gib3/WT and WT/gib3 (Figure 6B). Malate content in root significantly reduced in
gib2/WT and gibl/WT compared to WT/WT and significantly increased in WT/gib2
and WT/gibl compared to respective controls, gib2/gib2 and gibl/gibl. Minor and
discrepant malate values in roots were observed in gib2/WT and gib1/WT followed by
gib2/gib2 and gib1/gibl. It has also been found that leaf malate concentrations are twice

as high as those found in roots.

123



The behavior of fumarate levels observed in leaf was the same observed for the
levels of malate in roots for all grafted plants (Figure 6C). Leaf fumarate levels were
higher in WT/WT followed by WT/gibl, WT/gib2, gib3/gib3, gib3/WT and WT/gib3
(Figure 6B). Lower values of fumarate in leaves, which were significantly different
from WT/WT, were observed in gib2/WT and gibl/WT followed by gib2/gib2 and
gibl/gibl. In roots, the fumarate content presented similar leaf pattern, but in much
lower concentrations (Figure 6D). Fumarate content in root significantly reduced in
gib2/WT and gib1l/WT compared to WT/WT and significantly increased in WT/gib2
and WT/gib1l compared to respective controls, gib2/gib2 and gib1/gibl.
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Figure 6. Organic acids levels changes in leaf and root of self-grafted and grafted
tomato plants (Solanum lycopersicum cv. Moneymaker). (A) Leaf malate content; (B)
root malate content; (C) leaf fumarate content and; (D) root fumarate content. Values
are presented as means * standard error of at least six plants. Statistical analysis as
described in Figure 2.
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Discussion

WT rootstock-derived GAs promote partial reversal of the shoot phenotype of gib2
and gibl scion

Some biometric and morphological analyzes in shoot of WT plants grafted onto
GAs biosynthesis mutant (gib3, gib2 and gibl) were determined. The gib2/WT and
gibl/WT grafted plants showed a tendency to increase when compared to their
gib2/gib2 and gibl/gibl controls, respectively, in the majority of shoot analyzes and
naked eye by photographic records. Among these analyzes, we can mention: height,
RGR-h, total leaf area, leaf dry weight, stems dry weight and total dry weightéFig
and 3). Therefore, it was partial reversal of shoot growth of gib2 and gib1 scion in well-
watered conditions. It is possible that this partial reversal may have been caused by the
same signal or GA transport from WT rootstock. Some studies support the idea of local
transport and GAs long-range in plants (Katsumi et al., ;1983ani et al., 2013). In
addition, although micrografting performed was identify GA predominantly transported
in Arabidopsis, GAe (Regnault et al., 2015), the first GA formed in the biosynthesis
pathway and precursor of the other GAs. It has been suggested thdat &Ansported
from the root to the shoot by the xylem and from leaves to other tissues, as growing
parts of apices and roots, by the phloem (Regnault et al., 2015). The WT rootstock was
a GAs donors for the shoot, confirming the existence of an acropter GAs movement
partially restoring the growth of gib2 and gib1 scion.

Similar results were found in works with grafting between WT and GAs
biosynthesis mutant plants. In a study, many micrografting were made between WT
hypocotyls and GAs deficient mutants of Arabidopsis, with the GA biosynthesis
pathway altered in the initial (gal-3 mutant), intermediary (kaol kao2 mutant) and final
(ga200x1 ga200x2 Ga200x3 and ga3oxl ga30x2 mutants) (Regnault et al.,, 2015
Regnault et al., 2016). In the case of gal-3 scion and kaol kao2 scion the growth was
restored by WT rootstock (used as GA donor), and in the other mutants no differences
were observed when compared to their self-grafted controls. Thus, the enzyme ent-
kaurenoic acid oxidase (KAO, deficient in the double mutant kaol kao2) catalyzes the
conversion of ent-kaurenoic acid to @A intermediate substrate of GPoxides
(GA200x, deficient in the triple ga20oxl ga20o0x2 ga20ox3 mutant) and GA
quantification data, the authors concluded that{s#the common precursor of all other

GAs, is the most transported form as a transmitted signal. To date, it is difficult to infer
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which GA is being shoot transported because the mutants gibl, gib3 and gib2, have
deficiencies in the enzymes ent-copalyl diphosphate synthase, ent-kaurene synthase and
ent-kaurenoic acid oxidase, respectively, steps initials of the GAs biosynthesis pathway,
before to the formation of the first GA, GAIn addition, quantification data of the GA
metabolites may give greater support to suggest which GA may have been transported.
In addition, it is possible that some metabolite, RNAs, protein or peptide associated
with GAs and organ growth may be involved.

In a recent work with Arabidopsis, a gene (CLE6) encoding a small peptide
member of the CLAVATA/ESR-RELATED (CLE6) gene family has been identified,
both gene and peptide can be transported and influence on shoot and root growth
(Bidadi et al., 2014). GA deficient mutant plants (ga3ox1l ga30x2) and overexpressing
the CLE6 gene showed growth in both shoot and root. And when ga3ox1 ga3ox2 plants
overexpressing CLE6 were grafted onto mutant ga3ox1 ga3ox2 plants, and vice versa,
the phenotype of the GA-deficient mutant was restored, including the floral organs
growth. In addition, the CLE6 promoter activity in the root stele suggests a transport of
the CLEG6 peptide from the root to the shoot via xylem promoting the growth of this
organ and demonstrating its systemic effect under the GA action. Our observations of
increase in dry weight of floral organs and fruits of plants WT/gib2 and mainly in
WT/gibl when compared to self-grafted WT/WT control, suggest the involvement of
root metabolism influencing this high dry weight in WT scion (Supplementary Figure
S7). Therefore, it is possible that some molecule has been transported from mutant
rootstock to the WT scion inducing these observed reproductive responses. However,
further studies of grafting with this plants are required during the reproductive phase.

The non-complete reversal of shoot of gib2/WT and gib1/WT plants may be due
to lower GAs biosynthesis in roots in detriment to shoot, in this case, in WT rootstock.
Underlying this hypothesis, it has been shown that root growth is controlled by lower
GA concentrations than those required for shoot growth (Tanimoto, 1994, 2012). In
addition, it is also suggested that roots have greater GAs sensitivity compared to shoot
(Tanimoto, 2012). So even though these GAs are transported via xylem from the roots
to the shoot of these grafted plants, GA concentrations are still lower than those
required to completely restore the shoot phenotype.

Interestingly, we observed the highest RGR-h in WT scion grafted onto gib3,
gib2 or gibl rootstocks when compared to self-grafted WT (Figure 2B). We also
verified that this happened in WT and gib3 self-grafted plants, presenting high and
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significant values when compared to the non-grafted WT and gib3, respectively.
Therefore, this increase in plant height growth occurred only in grafted plants with WT
scion (normal endogenous GA content) and gib3 scion (low endogenous GA content).
This probably happened because the hypocotyl cut for grafting between WT plants and
GA deficient mutants stimulated the GAs production in the cotyledonary leaves for
grafted place healing and restoration of the physiological connections. Consequently,
this stimulus in the GAs synthesis in leaves may have generated a GAs accumulation in
shoot and provoked the observed shoot growth. According to (Asahina and Satoh,
2015), when plants are incised the GAs produced in leaves are required for cell division
during the cortex tissues meeting of injured hypocotyls, and cotyledons are required for
the normal maintenance of GA levels in the hypocotyl in Cucumber and tomatoes. In
addition, microelements such as zinc, manganese and boron from the root can contribute
to the incised tissues meeting (Asahina and Satoh, 2015). The GAs requirement for the
assembly of tissues into cut hypocotyls was also evident in GA-deficient tomato
mutants, gibl (Asahina et al., 2002).

WT scion grafted onto gib2 and gibl rootstock showed normal root growth

The ability of plants to carry possibly GAs from leaves to roots under well-
watered conditions was shown here through grafting between WT plants and GA
deficient mutants (Figure 3). It is believed that this hypothesis can observed a complete
reversal of the root phenotype in plants WT scion grafted onto gib2 or gibl rootstock
(WT/gib2 and WT/gibl). These grafted plants had higher and significant roots dry
weight, higher root/shoot ratio and high biomass partitioning in roots. It is known that
the GAs can move to short-range (deHeell transport) and long-range inside the
plants, in both directions, a movement that can be acropter (from the root to the shoot)
or basipet (from the shoot to the root) (Regnault et al.,, 2015). Besides GAs, other
molecules like RNAs, protein and/or peptides can be long-range transported. In the
same way that we hypothesized the signal or GAs transport to the shoot of gib2/WT and
gibl/WT plants, our hypothesis here is that high GAs synthesized concentrations
(precursor or active GA) in the shoot were being transported by phloem from the WT
scion (GA donor) to the gib2 and gibl mutants roots (GA receptor organ). Also in this
case, we do not rule out the idea of transporting another molecule via phloem.

In the same work that identified the predominanti&ransport in Arabidopsjs

cited above (Regnault et al., 2015), it was observed that WT scion was able to
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significantly increase the root length of gal-3 and kaol kao2 mutants compared to their
self-grafted controls. Thus, endogenousi1&8an be transported in both directions,
from shoot to root and from root to shoot. Moreover, applying GA to the shoot of
Arabidopsis slightly enhanced the primary root elongation (Bidadi et al., 2010). The
authors concluding that the shoot GA precursor or active GA is transported to roots
where, in combination with active GA produced by the root itself, the root is supplied
with enough GA for normal growth.

In tomato plants, grafting studies aiming the study of long distance GAs
transport have not yet been observed. However, it is already possible to find studies
with abscisic acid transport (ABA) and auxin signaling and its consequences on the
growth and morphology of tomato plants (Spiegelman et al., ;20tAdam et al.,
2016). Reciprocal grafts of WT and ABA-biosynthetic mutant (wilty of pea and sitiens
of tomato) plants showed reversal of root growth in wilty and sitiens due to the ABA
from leaves WT scion, show when using deuterium-labelled ABA (McAdam et al.,
2016). In another work, the role of a cyclophilin 1 protein (SICyp1l) transported from the
WT scion to mutant plants auxin-insensitive (dgt) rootstock was result in great changes
in the root transcriptome and recovered the responsiveness of the dgt mutant with
consequent restoration of lateral root development and formation of xylem vessels
Additionally, showed that were trafficking of SICyp1 from scion to the rootstock is up-
regulated by elevated light intensities, the that finding correlates with a specific increase
in root growth and a reduction in shdotroot ratio. Similar results have been found
here, where gib2/WT and gib1l/WT showed high and significant root/shoot ratio but
reduced when compared to their controls self-grafted, gib2/gib2 and gib1/gib1.

The change in the root/shoot ratio is important for agricultural production,
practical methods to change the shoot/root ratio have long been awaited, as
demonstrated by the green revolution whose partial suppression of shoot growth
resulted in more cereal production (Hedden, 2003). The cereals used in the 'green
revolution' were semi-dwarfs due to reduced internode elongation. The characteristics of
internodes shortening, dwards plants and increased root/shoot ratio were also observed
in the gib2 and gibl mutants used in this work. When gib2 and gibl scion were grafted
onto WT rootstocks these characteristics were partially maintained when compared to
gib2/gib2 and gibl/gibl (Figure 3). Therefore, we further emphasize that root
elongation occurs at low GAs concentrations because they are more sensitive to GAs,

that concentrations are not sufficient to promote stem growth (Tanimoto, 2012).
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WT grafted onto GA deficient plants cause few changes in the primary metabolism
of leaves and roots

To observe if the metabolism is altered in leaves and roots of WT scion and
mutant rootstocks, and vice versa, were determined the pigments, proteins, amino acids,
malate and fumarate contents. gib2 and gibl non-grafted and self-grafted showed dark
green leaves that did not directly provide to the chl content (Figure 4). These results can
be explained by the leaf morphology and architecture characterized by the high limb
thickness. In addition, gib2 and gib1 scion presented higher total Chl contents compared
to their self-grafted control (Figure 4C). The lower Chl content is characteristic to
mutants with the lowest content of GAs, gib2 and gibl (Chapter 1), indicating that the
WT rootstock was not able to reverse this phenotype when the grafting was performed.

Protein and amino acid content in gib2/WT plants accumulated in roots
compared to WT/WT (Figure 5B and D). Conversely, ifi/gib2 and WT/gibl the root
accumulation was reduced when compared to its self-grafted controls gib2/gib2 and
gibl/gibl. Therefore, the root metabolism of these plants is mainly affected by the
accumulation of proteins and amino acids in WT rootstock and reduction in gib2 and
gibl rootstock. The amino acids and amides are the first stable products of inorganic N
assimilation (Oaks, 1994) and are the building blocks for proteins. An increase in the
protein synthesis rate leads to the depletion of free amino acids, and when protein
degradation occurs, an increase in amino acid content (Causin, 1996). When there is a
decrease in shoot growth there is an amino acids accumulation in the cytoplasm that are
transported to roots through the phloem (Causin, 1996). It is possible that the lower
growth in mutant scion may have increased the amino acid content and these were
transported to WT rootstocks contributing to the high amino acid contents found and
explaining the maintenance of high protein contents too. In addition, the high root/shoot
ratio of gib2/WT and gib1/WT indicates the use of amino acids root synthesized as the
carbon source for root growth. Similarly, reduction in gib2 and gibl rootstocks indicate
the use of amino acids root synthesized for root growth and, conversely, the roots amino
acids were not kept high because there was not amino acids transport from the shoot
because these were being used in biosynthesis place (WT scion) also for growth.

Malate and fumarate contents accumulated in gib2 and gibl rootstock (WT/gib2
and WT/gib1l compared to their respective gib2/gib2 and gibl/gibl controls) (Figure 5B
and D). Conversely, in gib2/WT and gib1/WT the root accumulation was reduced when

compared to its WT/WT self-grafts control. Malate can serve as an alternative source of
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carbon and can be metabolized to promote growth (Martinoia and Rentsch, 1994).
Otherwise, malate can be transported to the guiding cells, thus contributing to the
stomatal opening by decreasing the osmotic and water potential (Nunes-Nesi et al.,
2007 Fernie and Martinoia, 200%Araugjo et al., 2011). Thus, the reduced malate
content in WT rootstock indicates utilization for growth corroborating our results with
high root/shoot ratio in grafted plants gib2/WT and gibl/WT (Figure 3E). In addition,
the WT rootstock malate was possibly being transported to the mutants shoot
contributing to the stomatal opening, since these mutants show greater stomatal
conductance (chapter 1).

The changes observed in the grafts between WT plants and gib3 mutant and their
self-grafted controls were small and in many cases did not differ statistically for the
parameters analyzed in this work. Such plants have identical phenotypes, morphology,
growth, accumulation and dry weight partitioning as well as the pigments and quantified
metabolites of shoot and root. The major changes observed occurred in gib2 and gibl
scion and rootstock, therefore a greater focus was given to them. Likewise, in WT
plants grafted with gib2 and gibl mutants, future analyzes of metabolite GA
determination, hormonal profile and complementation of the metabolites by Liquid
chromatography coupled to mass spectrometer (CG-MS) are necessary to support our
hypothesis of GAs transport at long-distances.

Conclusions
In this study we suggested that some signal, as precursor or active GA, or

molecule derived from shoot may be being transported to the roots, and vice versa,
under well-watered conditions. This was possible due to reversion of the root and shoot
phenotype of GA-deficient mutants, especially gib2 and gibl. In addition, although
proteins, amino acids, malate and fumarate accumulate in greater amounts in the shoot,
the roots present a greater alteration of the these metabolites contents between scion and
stocks. The analysis for determination of GA metabolites, hormonal profile and
metabolic profile of these plants are necessary to support our findings. In addition,
grafting of WT plants and GA-deficiency mutant under water deficit can identify the
factor responsible for the tolerance possibly observed in some combination and will
explain partially the tolerance of gib2 and gibl plants to water deficiency found in

chapter 1.
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Supplementary data

Supplementary figure S1l.lllustrative images of some grafting step in tomato plants
(Solanum lycopersicum cv. Moneymaker) at green house. (A) Plant with Solanaceae
silicon clips at first day after grafting; (B) grafted plant with silicon clips and wrapped
with film paper and; (C) cicatrization grafted site after one week.
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Supplementary figure S2.Variation in growth parameters related to height and leaf are
parameters of non-grafted and self-grafted tomato plants (Solanum lycopersicum cv.
Moneymaker) under optimal growth conditions. (A) Final height of plants; (B) relative
growth rate in height (RGR-h) of plants; (C) total leaf area and; (D) specific leaf area.
Values represent means * standard error of at least six plants. Letters indicates
significant difference by Tukey test at 5% probability (P<0.05) between self-grafited
and non-grafted control.
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Supplementary figure S3.Biometric parameter variations of non-grafted and self-
grafted tomato plants (Solanum lycopersicum cv. Moneymaker) under optimal growth
conditions. (A) Leaf dry weight; (B) stem dry weight; (C) root dry weight; (D) total dry
weight of plant; (E) ratio between root and shoot; (F) biomass partitioning which bars
represent the percentage of the total dry weight of each organ. Values are presented as
means + standard error of at least six plants. Statistical analysis as described in
supplementary figure S2.
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Supplementary figure S4.Photosynthetic pigments variation in leaf of non-grafted and
self-grafted tomato plants (Solanum lycopersicum cv. Moneymaker). (A) Chlorophyll
(Chl) a; (B) Chl b; (C) total Chl and; (D) ratio between Chl a and Chl b. Values are
presented as means * standard error of at least six plants. Statistical analysis as

described in supplementary figure S2.
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Supplementary figure S5.Metabolite level changes involved in nitrogen metabolism

in leaf and root of non-grafted and self-grafted tomato plants (Solanum lycopersicum cv.
Moneymaker). (A) Leaf protein content; (B) root protein content; (C) leaf amino acids
content and; (D) root amino acids content. Values are presented as means * standard
error of at least six plants. Statistical analysis as described in supplementary figure S2.
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Supplementary figure S6.0rganic acids level changes in leaf and root of non-grafted
and self-grafted tomato plants (Solanum lycopersicum cv. Moneymaker). (A) Leaf
malate content; (B) root malate content; (C) leaf fumarate content and; (D) root
fumarate content. Values are presented as means + standard error of at least six plants.
Statistical analysis as described in supplementary figure S2.
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Supplementary figure S7.Dry weight of inflorescences and fruits from non-grafted,
self-grafted and grafted tomato plants (Solanum lycopersicum cv. Moneymaker). (A)

Comparison between non-grafted and self-grafted plants and; (B) comparison between
self-grafted and grafted plants. Values are presented as means * standard error of at
least six plants. Statistical analysis as described in supplementary figure S2.
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Concluding remark
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Concluding remark

This work focused in understands the relationship between gibberellins (GAs),
growth and tolerance to water deficit in tomato plants, at leaf and root level. First, the
results obtained in this study indicated that reduced endogenous levels of GAs lead to
physiological and metabolic adjustment due to water deficit that promotes greater
tolerance to water deficit. Under this stress condition, the GAs promoted tolerance for
turgidity maintenance, accumulation of malate, amino acids, lower shoot growth and
higher roots biomass partitioning in leaves and roots. Together with the data of (Nir et
al., 2014) and Martins (2013) suggest the GA influence in plant growth contributing to

water stress conditions.

The root morphology and architecture of GAs deficient plants probably
contribute for the tolerance to water deficit due plants alter the proportion of fine and
thick roots. We also suggest that decoupling of growth and metabiolismoot and
root may have contributed to greater tolerance. These root characteristics were
important for soil water absorption and possibility goeerthe adaptability of mutant
plants to water deficit, including others stress conditions. In general, roots from GAs
deficient mutant plants with larger diameters were present in less quantity in all plants
in comparison to smaller diameter, and in mutants plants presented smaller thick roots.
These data corroborate with (Ubeda-Tomas et al., 2009) that found GA increase the root

secondary growth.

Together, the morphological and biochemical changes in leaves and roots
promoted tolerance to water deficit due the osmotic adjustment which avoided water
loss and a better absorption and use of soil water with lower leaf desiccation due to the
reduced endogenous levels of GAs. It was observed that the nitrogen metabolism is
favored in comparison to carbon metabolism under optimal and stress conditions in GA-
deficient mutants due accumulation and carbon allocation to amino acids while organic
acids have decreased their concentration. In addition, the proline accumulation was has
an inverse response to GA endogenous content under water deficit, differently than
observed in plants under salt stress (Tuna et al.,;Z@@8et al., 2017). The proline
accumulation in leaves and roots was associated with reduction in organic acids under
water deficit conditions. We can suggest that several stressful, together GA content,
may regulate the proline metabolism differently in leaves and roots. Therefore, studies
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to verify the tolerance of these plants to other stigssich as salt stress, are necessary

to understand broadly the effects of GAs on plants.

Taken together, the results presented in this thesis suggest an importaft role o
GAs in regulating plant growth and metabolism with different responses between root
and shoot contributing for the tolerance to water deficiency. In addition, the transport of
signal molecules anéAs (precursors or actives forjlnseem to occur in order to
influence organ growth. To support these findings and better clarify shoot-root
interconnection, hormone profile and metabolic profile analysis are still required in

optima and stressful conditions.
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