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RESUMO

O girassol (Helianthus annuus L., Asteraceae) é uma planta classificada como tolerante a seca.
Entretanto, a sua produtividade é afetada em condicGes de déficit hidrico, dependendo do
estagio reprodutivo e tempo de duracdo da limitacdo hidrica. Portanto, é fundamental a
investigacao de caracteristicas que atribuem tolerancia ou susceptibilidade do girassol ao déficit
hidrico controlado, contribuindo com programas de melhoramento genético da cultura. Neste
sentido, o objetivo da pesquisa foi avaliar um conjunto de caracteristicas morfologicas,
anatomicas, fisioldgicas e bioquimicas em quatro gendtipos de girassol sob déficit hidrico
controlado. O experimento foi desenvolvido em esquema fatorial 2x4 (duas condi¢des hidricas
e quatro gendtipos de girassol), distribuidas em seis repeti¢oes, sendo planta por vaso do tipo
rizotron, totalizando 48 plantas. As condig¢des hidricas foram: plantas bem irrigadas (capacidade
de campo) e déficit hidrico (40% da capacidade de campo). Os gendtipos de girassol testados
foram: OLISUNO03, AGUARAO06, BRS323 e HELI0250. O déficit hidrico promoveu reducéo
no desenvolvimento, bem como massas secas da parte aérea e raizes dos gendtipos de girassol.
Na condicdo de déficit hidrico, ocorreram mudancas na morfologia e densidade estomaética,
refletindo na reducdo da condutancia estomatica, transpiracdo e concentracdo intercelular de
CO:2. Nessas condicdes, ocorreram uma melhor eficiente no uso da agua, eficiéncia instantanea
de carboxilacdo e incremento de conteudo de prolina foliar; aumento na area de espacos
intercelulares do parénquima palicadico e da cAmara subestomatica (AGUARAO06 e BRS323)
e na area do colénquima (OLISUNO3, BRS323 e HELI0250) nas folhas. Em adicdo, os
genotipos OLISUNO3 e BRS323, sob déficit hidrico, possuem a arquitetura do sistema radicular
estreita e profunda. Além disso, os gen6tipos OLISUNO3 e AGUARAO6, sob déficit hidrico,
reduziram a espessura da endoderme e area do cilindro vascular, nas raizes. Os quatro genotipos
de girassol possuem estratégias de absorcdo da agua disponivel no solo, evidenciadas nas
caracteristicas morfoanatémicas radiculares, modificaces anatdmicas foliares, contribuindo a
eficiéncia fisiolégica. Sendo assim, hd um conjunto de caracteristicas que atribuem tolerancia
ao déficit hidrico do girassol, contribuindo com programas de melhoramento genético da
cultura.

Palavras-chave: Helianthus annuus L. Anatomia foliar. Anatomia radicular. Sistema radicular.
Arquitetura radicular. Espacos intercelulares. Densidade estomatica. Trocas gasosas.



ABSTRACT

Sunflower (Helianthus annuus L., Asteraceae) is a plant classified as drought tolerant.
However, its productivity is affected under water deficit conditions, depending on the
reproductive stage and duration of water limitation. Therefore, it is essential to investigate
characteristics that attribute sunflower tolerance or susceptibility to controlled water deficit,
contributing to crop genetic improvement programs. This study evaluated morphological,
anatomical, physiological, and biochemical characteristics in four sunflower genotypes under
controlled water deficit. The experiment was developed in a 2x4 factorial scheme (two water
conditions and four sunflower genotypes), distributed in six replicates, with one plant per
rhizotron-type pot, totaling 48 plants. The water conditions were well-irrigated plants (field
capacity) and water deficit (40% of field capacity). The sunflower genotypes tested were
OLISUNO03, AGUARA06, BRS323, and HEL10250. Water deficit reduced development and
dry masses of the aerial part and roots of sunflower genotypes. Changes in stomatal morphology
and density occurred in the water deficit condition, reflecting a reduction in stomatal
conductance, transpiration, and intercellular CO> concentration. Under these conditions, there
was better water use and instant carboxylation efficiency and an increase in leaf proline content,
intercellular spaces of the palisade parenchyma and substomatal chamber (AGUARA06 and
BRS323), and collenchyma area (OLISUNO03, BRS323 and, HELIO250) in the leaves. The
OLISUNO3 and BRS323 genotypes also have a narrow and deep root system architecture under
water deficit. Furthermore, under water deficit, the OLISUNO3 and AGUARAO06 genotypes
reduced the endodermis's thickness and the area of the vascular cylinder in the roots. The four
sunflower genotypes have strategies for absorbing water available in the soil, evidenced in root
morphoanatomical characteristics and leaf anatomical modifications, contributing to
physiological efficiency. Therefore, a set of characteristics attribute tolerance to sunflowers'
water deficit, contributing to the crops' genetic improvement programs.

Keywords: Helianthus annuus L. leaf anatomy. Root anatomy. Root system. Root architecture.
Intercellular spaces. Stomatal density. Gas exchange.
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PRIMEIRA PARTE

1 INTRODUCAO GERAL

O girassol (Helianthus annuus L., Asteraceae) € uma cultura agricola de importancia na
economia mundial, no qual dos frutos (aquénios) sdo extraidos 6leo, utilizado no consumo
humano, composicdo de cosmeéticos e industria de biodiesel. Em adicdo, as sementes sao
utilizadas na composicéao de ragdo animal, alimentacéo de aves e a inflorescéncia, destacando-
se como ornamental e fonte de recursos para abelhas, sendo, alternativa para a producdo apicola.
A cultura é classificada como tolerante a seca, quanto ao seu desenvolvimento, por isso, é
utilizada na sucessdo ou rotacdo de culturas, na segunda safra (CARVALHO et al., 2015;
DALCHIAVON et al., 2016). Entretanto, o déficit hidrico pode afetar principalmente a fase
inicial e intermediéria da floracéo, afetando a produtividade. Em contraste, sdo aceitaveis niveis
limitados de irrigagdo durante a formagéo dos frutos e sementes, resultados da diminuigédo da
fotossintese, com senescéncia das folhas (KEIPP et al., 2020).

O déficit hidrico € um fator limitante no rendimento de culturas em regides tropicais e
subtropicais. O grau de severidade causado pelo déficit hidrico na planta depende do tempo de
duracdo e estagio de desenvolvimento, tornando-se mais severo para a produgdo no periodo
antes e durante a floracdo das plantas (Z1A et al., 2013). Sob déficit hidrico, ocorrem adaptactes
anatdmicas, morfoldgicas e fisiologicas nas plantas. Nessas condi¢cfes, abertura estomatica,
fotossintese e fungbes metabdlicas sdo limitadas, regulados por sinais fisicos e quimicos,
restringindo o crescimento e produtividade da planta (XU; ZHOU; SHIMIZU, 2010).
Considerando-se esses fatores, sdo necessarios estudos que busquem identificar materiais
bioldgicos tolerantes e susceptiveis ao déficit hidrico. Assim, possibilitando evidenciar um
conjunto de caracteristicas que podem contribuir com programas de melhoramento genético das
plantas, dentre elas, o girassol.

Atualmente, sdo realizadas pesquisas com espécies de interesses agricola, as quais
possuem materiais bioldgicos com caracteristicas morfoanatémicos e fisioldgicas de tolerancia
e susceptibilidade ao déficit hidrico, refletindo na produtividade, como em genotipos de milho
(Zea mays L., Poaceae) (PIRES et al., 2020). Em adigdo, contribuem com caracteristicas de
plasticidade fenotipica de tolerdncia ao déficit hidrico. Por isso, estudam-se também plantas
estabelecidas como tolerantes ao déficit hidrico, evidenciando-se um conjunto de caracteristicas
anatoémicas, atribuidas a eficiéncia fotossintética, como o caso das plantas de sorgo [Sorghum
bicolor (L.) Moench], destacando como planta modelo (OLIVEIRA et al., 2021).
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Nesse contexto, pesquisas com genotipos de girassol, avaliados em condi¢Ges
controladas de déficit hidrico e estes, amplamente cultivadas em regides semiaridas do Brasil,
contribuem para caracterizagdo morfologicas, anatémicas, fisiologicas e bioquimicas de
tolerancia da cultura ao déficit hidrico. Contribuindo com programas de melhoramento
genético, expansao da cultura e sobretudo, maiores produtividades. Neste sentido, o objetivo da
pesquisa foi avaliar um conjunto de caracteristicas morfoldgicos, anatdmicos, fisioldgicos e

bioquimico de quatro genotipos de girassol sob déficit hidrico controlado.

2 REFERENCIAL TEORICO
2.1 Aspectos gerais da cultura do girassol

O girassol (Helianthus annuus L., Asteraceae) é uma planta herbéacea, podendo alcangar
até 4 m altura, dependendo da cultivar (FIGURA 1). Possui folhas simples e organizadas em
filotaxia oposta, correspondente a fase vegetativa (V4 a V8) e posteriormente, filotaxia alterna,
marcando a passagem da fase vegetativa para a fase reprodutiva. As folhas (FIGURA 1B) séo
pecioladas, cordiformes e com grandes quantidades de tricomas, principalmente na face abaxial
(CASTRO; FARIAS, 2005).

O sistema radicular do girassol € pivotante com grande quantidade de raizes secundarias
e podendo alcancar até dois metros de profundidade, dependendo das caracteristicas fisicas do
solo (CASTRO; FARIAS, 2005). E uma caracteristica que possibilita alcancar 4gua e nutrientes
na camada mais profunda do solo e ancoragem da planta (CASTRO; FARIAS, 2005). Em
adicdo, as raizes secundarias possibilitam a sustentacdo lateral da planta e absorcdo de agua e
nutrientes da camada superficial do solo (CASTRO; FARIAS, 2005).
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Figura 1- Plantas de girassol em periodo reprodutivo.

Legenda: Planta de girassol com capitulo (A), folha (B), fase R1 (C), fase R5 (D), fase R9 (E),
aquénios (F). Fonte: Do autor (2021).

O girassol é uma oleaginosa, originaria da América do Norte e juntamente com o dendé
(Elaeis guineensis Jacq.), a soja [Glycine max (L.) Merr.] e a canola (Brassica napus L.)
desempenham um importante papel na economia mundial (CASTRO; LEITE, 2018). E uma
espécie, amplamente cultivada em diversos continentes, e introduzida no Sul do Brasil por
colonos Europeus no final século XIX (CASTRO; LEITE, 2018). O ciclo vegetativo varia entre
90 e 130 dias, dependendo da cultivar, época de semeadura e das condi¢des edafoclimaticas da
regido de cultivo (OLIVEIRA et al., 2017).

Por se tratar de uma oleaginosa com alta adaptabilidade climatica, bons rendimentos de
frutos e alta qualidade de Gleo, a sua producdo tem crescido nos ultimos anos em diversos
paises. No ultimo levantamento mundial, o girassol alcangou uma producéo de 58,1 milhdes de
toneladas (FAOSTAT, 2021). No Brasil, Segundo a Companhia Nacional de Abastecimento
(CONAB, 2023) a producao brasileira de girassol em 2023, obteve uma estimativa de 85,2 mil

toneladas, alcancando 56,1 mil hectares de area plantada e uma produtividade de 1.520 kg/ha.
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A regido Centro-Oeste é detentora da maior produgdo da oleaginosa do Brasil, sendo o Estado
de Mato Grosso responsavel por maior producdo brasileira.

O girassol ¢ utilizado na sucessdo ou rotacdo de culturas, na segunda safra
(CARVALHO et al., 2015; DALCHIAVON et al., 2016). Isso porque o girassol possui alta
adaptabilidade edafoclimaticas, bem como tolerancia a seca, ao frio e ao calor, quando
comparado com outras oleaginosas cultivadas no Brasil (DALCHIAVON et a., 2016). A cultura
de girassol é beneficiada pela polinizacdo cruzada de abelhas (Apis mellifera L.), um eficiente
polinizador de diversas culturas, proporcionando beneficios na reproducédo e consequentemente
na formacéo dos aquénios. Além disso, a polinizacéao efetiva proporciona produtos secundarios
como producdo de mel, tornando uma alternativa de renda para pequenos produtores (SILVA
etal., 2010; TOLEDO etal., 2011; MARTIN; FARINA, 2016) e pode ser cultivado com outras
culturas, como milho e feijdo (CARVALHO et al., 2017; OLIVEIRA; MELO; SANTOS,
2017).

Entre as aplicacGes da matéria prima do girassol encontra-se 6leo extraido dos frutos
(aquénios). Possui alto teor de Oleo, variando entre 38% e 50%, de alta qualidade
(LACHANCE; GRANGE, 2014). Sendo assim, adequado para fins comestiveis por ser rico em
acido linoleico e alta fonte de proteina (RAI; MOHANTY; BHARGAVA, 2016). Segundo
Khan et al. (2015) o 6leo de girassol possui cerca de 69% de &cido linoleico, 20% de &cido
oleico e 11% de acidos graxos saturados. Tais valores sdo préximos ou superiores aos
encontrados no 6leo de soja [Glycine max (L.) Merr.], que possui 53,2% de &cido linoleico e
23,4% de acido oleico (WANG, 2011). O 6leo de girassol € aplicado na industria de producdo
de biodiesel (GAMA; GIL; LACHTER, 2010; SAYDUT et al., 2016) e os residuos resultantes
desse processo, séo usados na formulacdo de racdo de aves, oferecendo uma nutricdo rica em
fibras e proteinas brutas; energia e minerais, proporcionando qualidade na carcaca de frango de
corte e qualidades dos ovos (ALAGAWANY et al., 2015). Em adicéo, utilizado na formulagéo
de ragéo de bovinos, podendo substituir farelo de soja sem prejuizos nos limites nutricionais
dos animais (MESACASA et al., 2015).

2.2 Déficit hidrico no crescimento e desenvolvimento de plantas

Em plantas em condi¢Bes de deéficit hidrico, ocorrem modificacdes morfoldgicas,
anatoémicas, fisiologicas e moleculares. Nas folhas sdo observadas modificagdes no angulo
foliar, diminui¢do do nimero de folhas, area foliar, bem como fechamento de estdmatos para

limitar a perda de agua e com consequente reducdo na aquisicdo de CO», afetando diretamente
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a fotossintese (SCALON; MUSSURY, 2020). Nos estdbmatos séo observadas modificacdes em
tamanho, densidade e fechamento dos estdmatos e estes, associados com mecanismo para evitar
a perda de agua para atmosfera pela transpiracao foliar, sendo essas que definem a eficiéncias
da condutancia estomatica (LAWSON; BLATT, 2014). Nos vasos condutores ocorrem
alteracdes na relacdo xilema/floema, reducdo dos vasos do xilema; alteracdo na espessura das
células do parénquima e aumento no tecido vascular e na espessura da parede celular
(GONGCALVES et al., 2017).

Nas raizes, sdo observadas modificacbes com relacdo as barreiras apoplésticas,
espessura das células corticais e cilindro vascular. Em adi¢do, modificagdes na arquitetura do
sistema radicular. Além disso, observa-se interacdo entre raiz/parte aérea para evitar a
dessecacdo. Esse conjunto de modificacOes e interagdes permitem acessos a agua com uso
minimo de carbono, contribuindo substancialmente ao desempenho da cultura, bem como
aumento da produtividade, como observados em gendtipos de sorgo e milho resistente a seca
(HUND; RUTA,; LIEDGENS, 2009).
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Highlight
Leaf anatomical characteristics, such as an increase in the area of collenchyma, intercellular

spaces and substomatal chamber, contribute to efficient photosynthesis under water deficit.

Abstract

Sunflower (Helianthus annuus L., Asteraceae) is a drought-tolerant crop whose yield is
compromised when there is water scarcity during the flowering period. The objective of the
present study was to evaluate, under controlled conditions, the morphoanatomical and
physiological aspects of four sunflower genotypes grown under water deficit conditions. The
experiment was conducted using a completely randomized design in a 2x4 factorial scheme
(two water conditions and four genotypes), with six replicates of one plant per rhizotron pot,
totalling 48 plants. The water conditions evaluated included plants under well-watered
conditions (field capacity) and plants under water deficit conditions (40% field capacity). The
studied sunflower genotypes included OLISUNO3, AGUARA06, BRS323, and HEL10250.
Water deficit induced developmental delay, reduced shoot and root dry mass, and changed
stomatal morphology and density, which were reflected by reduced stomatal conductance,
transpiration, and internal CO> concentrations. Changes in the areas of intercellular spaces and
substomatal chambers, increased collenchyma area and proline leaf content were also observed.
It was concluded that the four sunflower genotypes had reduced growth under water deficit, in
addition to morphoanatomical changes.

Keywords: Collenchyma, Gas exchange, Helianthus annus, intercellular spaces, leaf
morphoanatomical characteristic, physiological characteristics, substomatal chambers,

sunflower, water deficit.
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Introduction

Sunflower (Helianthus annuus L., Asteraceae) is one of the four most important oilseeds in the
world (FAOQ, 2022). Oil extracted from the achenes is present in high proportions (38% to 50%)
and is used for human consumption, the pharmaceutical industry (Castro and Leite 2018), and
the biodiesel industry (Abubakar et al., 2020; Khattak et al., 2021). In addition, sunflower is
among the ingredients used in silage and grain mixtures for bird feed (Castro and Leite 2018).
It is a crop that has greater drought tolerance than most oilseed crops grown in Brazil (Carvalho
et al., 2015; Ibrahim et al., 2016; Vilvert et al., 2018) and may be a good alternative for crop
succession.

As a secondary crop, sunflower has been cultivated after corn and has become an
alternative crop when the probability of productivity losses of other species is high due to water
deficit. Its good water stress and heat tolerance has also enabled it to expand into the semiarid
Northeast region which is characterized by low rainfall amounts, irregular rainfall distribution,
and high temperatures and radiation (Lacerda et al., 2015; Mutti et al., 2019). Despite
sunflower’s tolerance to water stress, water deficit occurring at the beginning of flowering and
achene filling can considerably decrease achene production and oil content (Hussain et al.,
2018). The development of cultivars in breeding programs with higher achene and oil yields
under water deficit conditions is essential for establishing crops in production systems facing a
water deficit.

Several agricultural crops exposed to water deficit have developed morphoanatomical
structures, such as the substomatic cavity (Oliveira et al., 2022), and mechanisms, such as the
accumulation of osmocompatible solutes (such as proline) and osmotic adjustment, which
favour tolerance to water deficit (Barros et al., 2019). Other anatomical parameters affecting
tolerance are stomatal density and index; cuticle, epidermis, and mesophyll thickness; and
adjustments in the water conduction systems, including the diameter of the xylem vessels
(Nazare et al., 2012; Gongalves et al., 2017; Pires et al., 2020). Therefore, there is a set of
characteristics involved in plant responses to water deficit that consequently provide varying
levels of tolerance.

Identifying the morphoanatomical and physiological characteristics present in
productive sunflower genotypes under water deficit conditions may contribute to the selection
of more adaptable genotypes in breeding programs. Thus, the objective of the present study was
to evaluate the leaf morphoanatomical and physiological characteristics of four sunflower

genotypes grown under water deficit conditions in a controlled environment.
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Materials and methods

Plant materials, cultivation conditions, and experimental design

In this study, four commercial hybrid sunflower genotypes were obtained from different
breeding practices. They were evaluated in a greenhouse of the Botany sector of the Department
of Biology, Federal University of Lavras, Lavras, MG, Brazil: AGUARAO6 (Atlantica Seeds,
Curitiba, PR, Brazil), BRS323 (Brazilian Agricultural Research Corporation - Embrapa,
Brasilia, DF, Brazil), HELIO250 (Heliagro Agricultura e Pecuaria Ltda., Araguari, MG,
Brazil), and OLISUNO3 (Advanta Comércio de Sementes Ltda., Campinas, SP, Brazil). The
four genotypes presented, in previous studies, high achene productivity in the semiarid
conditions of northeastern Brazil (Carvalho et al., 2018; Souza et al., 2019; Carvalho et al.,
2020). The sunflower plants were grown in a germination chamber at 25 °C with 12 h light and
12 h dark from seeds germinated on filter paper. When the rootlets of the seedlings were
approximately 2 cm long (total time of four days), they were transferred to rhizotron pots (size:
42.5x29.5%3.5 cm) filled with 2.8 L of washed sand and the commercial substrate Tropstrato
(Vida Verde®, Brazil) at a ratio of 1:1. The properties of the substrate were as follows: electrical
conductivity: 1.5 mS cm™; dry basis density: 190 kg m; wet basis density: 500 kg m;
moisture: 60% of the total substrate weight. The chemical attributes were as follows: pH CaCly:
5.75; P: 65.70 mg dm3; K: 1.60 cmolc dm; Ca: 23.80 cmolc dm™; Mg: 12.40 cmolc dm3; Al
0.0 cmolc dm=; H + Al: 4.20 cmolc dm™; sum of bases: 39.80 cmol. dm; cation exchange
capacity: 42.10 cmol. dm; and base saturation (V%): 64.80.

The experiment was conducted in a 2x4 factorial scheme (two water conditions and four
sunflower genotypes) using a completely randomized design, with six replicates and one plant
per pot in the experimental unit, for a total of 48 plants. The water conditions evaluated included
well-irrigated plants (WW), which correspond to field capacity, and plants under water deficit
(WD). In the latter case, the field capacity progressively decreased from 15 to 30 days after
transplanting (DAT) up to 40%, and was maintained at this point until 51 DAT, i.e., the
beginning of the reproductive stage, which allowed the morphological, anatomical, and
physiological effects of water deficit to be measured for the period that covered the beginning
of flowering and achene filling.

Compost moisture was monitored using two resistive moisture sensors, one for each
treatment, installed on the upper edge of the rhizotron pots and repositioned between the plants
every 24 h, keeping all plants in the same conditions of water availability throughout the
experiment. The resistive humidity sensors were connected to the voltage comparator module

(LM393) and microcontroller (Arduino Mega 2560), programmed for each field capacity,
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according to the resistance of the compound. In addition, the irrigation system consisted of an
irrigation pump for each treatment, distribution hoses and two dripping stakes (15 cm),
positioned at the top of each rhizotron pot, and the system was automatically activated.
Irrigation of all plants was performed with Hoagland and Arnon (1950) nutrient solution at 40%
ionic strength. The plants were kept in a greenhouse at a controlled temperature of 26 + 2 °C,
relative humidity ranging between 50% and 70%, average maximum photosynthetic photon
flux density of 652 umol m2 s (measured in the plant canopy) and a photoperiod of 12 h light
and 12 h dark.

Analysis of plant growth

From 15 to 51 DAT, plant height and stem diameter were measured every two days between
the surface of the substrate and the highest point of vegetative growth and subsequently
reproductive growth with the aid of a ruler. The stem diameter was measured 3 cm from the
substrate with a digital calliper.

At 51 DAT, the plants were harvested, and the leaves were scanned on an A3 Scanner
(1200S, Mustek, China). The leaf areas of all leaves were determined by image analysis with
ImageJ software. Subsequently, the leaves, stems, and roots were placed in a forced-air oven at
60 °C until reaching constant dry mass, which was determined on an analytical balance (AY220,
Shimadzu, S&o Paulo, Brazil). With these data, the specific leaf area (SLA), leaf area ratio
(LAR), leaf mass ratio (LMR) and root/shoot ratio (RSR) were calculated (Equations 1, 2, 3
and 4).

La
SLA = —- (1)
La
LAR = —* ()
LMR = 2™ (3)
Tdm
RSR = Rdm (4)
Apdm

Were LA is leaf area; DLM is dry leaf mass; TDM is total dry mass; LDM is leaf dry mass;
RDM is root dry mass; APDM is aerial part dry mass.
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Leaf water potential (Yw)

The leaf water potential was determined using a portable Scholander pressure pump (Model
1.000; PSM Instrument Company, Corvallis, Oregon, USA) with N2 gas; the pressure necessary
to bring sap to the cut in the midrib was applied, and the water potential was recorded. The
evaluations were performed at 49 DAT, using the fourth and fifth leaves, fully expanded, from
the top of the stem, between 4:00 h and 5:30 h, when the leaf water potential was maximum,
and between 11:00 h and 12:30 h, i.e., when leaf water potential was minimum, as previously

described.

Analysis of gas exchange

At 50 DAT, gas exchange was evaluated with an infrared gas analyser (IRGA) model LI-
6400XT (Li-COR Biosciences, Lincoln, Nebraska, USA) equipped with a 6 cm? chamber and
a red/blue LED light source (LI16400-02B, LI-COR, Lincoln, Nebraska, USA). The readings
were performed between 8:00 am and 11:00 am on the third fully expanded leaf. The
photosynthetic photon flux density (PPFD) was standardized at 1000 umol m2 s™! in an
equipment cuvette. In addition, the mixer function used carbon dioxide capsules to provide 400
ppm of CO2 during the analyses. During the measurements, the leaf temperature was maintained
at 28.5 °C. The net assimilation rate (An), stomatal conductance to water vapour (Qsw),
transpiration rate (E), and CO> concentration at the substomatal cavity (Ci) were evaluated. The
internal and external carbon (Ci/Ca) ratio, instantaneous water-use efficiency (An/E), and

carboxylation efficiency (An/Ci) were calculated.

Determination of proline

At 49 DAT, the proline content was determined according to the methodology described by
Bates et al. (1973). For the extraction of proline from the samples, fully expanded leaves, i.e.,
the fourth and fifth leaves from the top of the stem, were collected and used to evaluate the leaf
water potential. The leaves were dried at 60 °C, ground in a mill, weighed to 200 mg, and
transferred to test tubes, and 3% sulfosalicylic acid was added. Proline was quantified upon
reaction with ninhydrin (ninhydrin, glacial acetic acid, and phosphoric acid) and incubated at
100 °C for 60 min in a water bath. The absorbance reading was measured in a

spectrophotometer at 520 nm, and the values were expressed in umol g~! of dry mass.
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Leaf anatomical analyses

At the end of the experiment, at 51 DAT, the third most apical leaf was collected and fully
expanded for the study of leaf anatomy. The leaf samples were fixed in 70% FAA solution
(formaldehyde, glacial acetic acid, and 70% ethanol, 1:1:18) for 72 h and transferred to 70%
ethanol solution for analysis (Johansen, 1940). Samples for cross-sections, obtained in the
median region of the leaf, were dehydrated in increasing concentrations of ethanol (70, 80, 90,
and 100%) at intervals of 2 h at room temperature, infiltrated for 24 h in historesin (Leica
Microsystems, Heidelberg, Germany), cross-sectioned (7 um thickness) with a semiautomatic
rotary microtome, stained with 0.05% toluidine blue (w/v) (Feder & O'Brien, 1968), and
mounted on permanent slides with Entellan (Merck, Darmstadt, Germany).

In addition, free-form paradermal sections from the adaxial and abaxial surfaces were
obtained using a steel blade, clarified with sodium hypochlorite (50%), washed in distilled
water, stained with 1% safranin, and mounted on semipermanent slides with 50% glycerol
(Johansen, 1940). The slides were photographed with a camera coupled to a microscope
(Eclipse E100-LED; Nikon, Tokyo, Japan). The quantitative anatomical data were obtained
using ImageJ software.

In the midrib region of the leaf cross-sections, the areas occupied by the midrib,
collenchyma and vascular bundles were estimated, and the diameter of the xylem vessels was
determined. The areas of collenchyma (CO) and vascular bundles (VB) were estimated

following equations 5 and 6.

CO = 2 %100 (5)
Tam

VB = 222 x 100 (6)
Tam

Were AC is area of the collenchyma; TAM is total area of the midrib; AVB is area of the

vascular bundles.

In the internerval region of the leaf, the thickness of the adaxial and abaxial epidermis,
mesophyll, palisade parenchyma, and spongy parenchyma (= lacunose) and the distance
between the vascular bundles were quantified. In addition, the percentages of area occupied by
the substomatal chamber and intercellular space (ASC and 1S) in the palisade parenchyma and

spongy parenchyma were determined (Equation 7).

Sca + Isa (7)

ASCand IS = x 100




236
237
238
239
240
241

242

243

244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

27

Were SCA is substomatal chamber area; ISA is intercellular space area; TAP is total area of the
palisade parenchyma or spongy parenchyma.

In the paradermal sections, the density of stomata (DS) and stomatal index (SI) was
determined (Equations 8 and 9). The size of the stomata was quantified from measurements of

the polar and equatorial diameters of the stomata and the area of the stomatal pore.

__ Nex10°

DS -

(8)

Ne «100 9)

Ne + Nce

SI =

Were NE is number of stomata; SA is section area (103,867.38 um?); NCE is number of regular

epidermal cells.

Statistical analysis

The data were tested for normality using the Shapiro—Wilk test. The means were subjected to
analysis of variance (ANOVA), followed by the Scott—Knott test. The data obtained over time
(stem height and diameter) were subjected to regression analysis, all at 5% significance. All
analyses were performed using the software Sisvar 5.0 (Ferreira, 2011).

Results

Plant growth

The plant heights of the four sunflower genotypes, evaluated between the onset of water stress
(15 DAT) and the end of the experiment (51 DAT), showed increases under both water
conditions (Fig. 11 and J), with the increments being significantly higher in the irrigated plants.
Under WW conditions, the highest plant height was observed in HELIO250 (69.97 cm) and
BRS323 (62.87 cm), and the lowest was observed in OLISUNO3 (50.28 cm; Fig. 11). Under
WD conditions, the highest plant height was observed in AGUARAO06 (40.25 cm), while the
lowest plant height was observed in BRS323 (33.85 cm; Fig. 1J). Regarding stem diameter,
there was no significant interaction between the water condition factors and genotypes. The
largest stem diameter (13.71 mm) occurred in the WW condition, while the smallest stem
diameter (10.99 mm) was observed under the WD condition (Fig. 1K). Regarding the sunflower
genotypes, the largest stem diameter (13.18 mm) occurred in OLISUNO3, while the smallest
stem diameter (11.61 mm) occurred in BRS323 (Fig. 1L). Initial flowering, that is, when the
first ligulated flowers (stage R4) appeared, and full flowering (stage R5; Fig. 1M) occurred first
in plants under the WW condition, particularly in the HELIO250 genotypes (at 36 DAT),
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269  followed by BRS323, AGUARAO6, and OLISUNO3 (at 38, 44 and 45 DAT, respectively). A
270  delay in the reproductive stage was observed under WD conditions, which was greater for the
271 BRS323 and HELIO250 genotypes than for the other genotypes (Fig. 1M).
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273 Fig. 1. Growth characteristics of four sunflower genotypes grown in rhizotron pots under well-
274  watered (WW) and water deficit plant conditions (WD). (A-H) Morphological aspects of
275  sunflower genotypes in well-watered condition (WW) and water deficit (WD), (I) Height of
276 plants in well-watered condition (WW), (J) Height of plants in water deficit (WD), (K) Stem
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diameter in conditions of well-irrigated (WW) plants and water deficit (WD), (L) plant stem
diameter, independent of water conditions, and (M) reproductive stages of four sunflower
genotypes grown in pots under well-watered and water deficit plant conditions. Symbols

represent the mean values. Asterisks indicate the significance (Scott—Knott test, P-value <0.05).

Regarding biomass accumulation, there was a significant interaction between water
conditions and sunflower genotypes for total dry mass, root dry mass, leaf dry mass, and total
leaf area. For the four genotypes, there was a significant reduction in leaf area and leaf biomass
accumulation due to WD (Table 1). In AGUARA06, BRS323, and OLISUNO3, there was also
a reduction in root dry weight and total plant dry weight. However, under WD conditions, no
difference was observed between the genotypes regarding the accumulation of dry mass in
leaves and roots and the total shoot and leaf area. Regarding the dry mass accumulated in the
stems, there was no significant interaction between water conditions and sunflower genotypes
(data not shown).

For the four estimated growth indices, a significant interaction was observed between
water conditions and sunflower genotypes (Table 2). The specific leaf area (SLA) and
root/shoot ratio (RSR) of the four genotypes were reduced under WD conditions, whereas the
leaf area ratio (LAR) and mean leaf ratio (MRL) increased. Under WD conditions, the
genotypes did not differ significantly in terms of any of the four indices. In contrast, for plants
under the WW condition (maintained at field capacity), there was a difference between the
genotypes. Under this condition, higher SLA, LAR, and leaf mass were observed in HEL10250;
the BRS323 genotype, in turn, stood out for a higher root/shoot (RSR) ratio in the WW plants
than in the WD plants.
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Table 1. Plant growth characteristics of four sunflower genotypes grown in rhizotron pots under well-watered (WW) and water deficit (WD) plant

conditions.
Dry mass
LDM (g plant?) RDM (g plant?) TDM (g plant?) TLA (cm? plant™)

Genotypes WWwW WD Ww WD Ww WD WwW WD

OLISUNO3 6.63+0.33Ba 3.83+0.70Ab 61.03+1251Ba 20.50+7.21 Ab 76.93+14.68Ba 30.88+8.21Ab 1329.60+ 122.94Ba 676,72 +109.66 Ab
AGUARA06 7.88+0.32Aa 3.69+0.47Ab 105.08+9.12Aa 18.98+4.42Ab 124.86+9.66 Aa 30.07+4.88 Ab 1687.54 + 185.93 Aa 630.98 + 132.40 Ab
BRS323 536+0.89 Ca 351+0.49Ab 66.00+2259Ba 14.63+4.63Ab 81.06+23.45Ba 2356+528Ab 1283.61+67.93Ba 654.51 +78.05Ab
HEL10250 494+054Ca 3.89+0.59Ab 2850+7.89Ca 16.84+3.30Aa 4243+7.80Ca 27.18+450Aa 121399+4294Ba 676.72+251.72 Ab

LDM, leaf dry mass; RDM, root dry mass; TDM, total shoot; LA, total leaf area. Data are means + SD. The means followed by the same lowercase letter in the
rows (comparing humidity conditions) and uppercase letters in the columns did (comparing genotypes) not differ according to the Scott—Knott test (P<0.05).

Table 2. Physiological growth indexes of four sunflower genotypes grown in rhizotron pots under well-watered (WW) and water deficit (WD)

plant conditions.

Physiological growth indexes

SLA (cm?g?) LAR (cm?g?) LMR (g g?) RSR (g g?)
Genotypes WwW WD WWwW WD WWwW WD Ww WD
OLISUNO3 199.87 £ 8.32 Ca 176.91+7.24 Ab 17.92+272Bb 2284+276Aa 0.09+0.01Bb 0.13+0.01Aa 3.79+040Ca 1.93+0.49Ab
AGUARA06 223.97 £ 9.46 Ba 182.61 +5.80 Ab 1456+1.64Bb 2287+243Aa 006+0.01Cb 0.12+0.01Aa 532+055Ba 1.70+0.34 Ab
BRS323 222.36 £17.00Ba  179.66 +5.22 Ab 13.03+2.12Bb 26.16+3.17Aa 006+0.01Cb 0.15+0.02Aa 6.29+1.08Aa 1.77+0.59 Ab
HEL10250 248.80+11.26 Aa 178.62+ 1551 Ab 27.08+252Ab 19.58+288Aa 0.13+0.02Aa 0.13+001Aa 2.08+0.73Da 1.63+0.21Aa

SLA, specific leaf area; LAR, leaf area ratio; LMR, leaf mass ratio; RSR, root/shoot ratio. Data are means + SD. The means followed by the same lowercase
letter in the rows (comparing humidity conditions) and uppercase letters in the columns did (comparing genotypes) not differ according to the Scott—Knott test

(P<0.05).
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Leaf water potential

There was no significant interaction between the factors water condition and genotype, but
interactions occurred within each factor. At 49 DAT, between dawn and noon on the same day,
there was a reduction in the water potential of the plants (Fig. 2). Regarding the water
conditions, WD induced a reduction in water potential in both periods evaluated, i.e., dawn and
noon (Fig. 2A and C). Water potential at dawn did not differ among sunflower genotypes (Fig.
2B). At noon, however, the OLISUN03, AGUARAO06, and BRS323 genotypes showed a
reduction in water potential, while HEL10250 showed no change in water potential (Fig. 2D).
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Fig. 2. Leaf water potential of four sunflower genotypes grown in rhizotron pots under well-
watered (WW) and water deficit (WD) plant conditions. (A and B) Leaf water potential
recorded at dawn and (C and D) close to noon. Histograms represent the mean value + SD.
Means followed by the same letters in water conditions and genotypes did not differ by the
Scott—Knott test (P<0.05).

Physiological characteristics
Regarding gas exchange, there was no significant interaction between the factors water

condition and genotype, and only the individual effects of each occurred (Table 3).
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334
335 Table 3. Means of gas exchange of four sunflower genotypes grown in rhizotron pots under well-watered (WW) and water deficit (WD) plant

336  conditions.

Water condition An Osw E Ci Ci/Ca ANE AN/Ci Proline
(umol CO2m?s?)  (mol H20 m?s?1)  (mmol H:2O m2s?)  (mmol m?s?) (umolCO2 mmol H20Y)  (umol m?stPal)  (umol g-1 DW)

WW 19.80+£2.19a 0.69+£0.03a 9.00+£0.51a 307.16 £+ 7.83 a 0.77+0.02a 220+0.30b 0.065 +0.009 b 1.98+0.18b
WD 21.14+282a 0.59 £0.09b 7.63+0.74b 290.07 +16.87b 0.72+0.04b 2.83+0.45a 0.073+0.012a 4.77+£0.33a
Genotypes

OLISUNO3 22.07+£1.97a 0.61+£0.08 a 8.16 £0.80a 289.31+1246a 0.72+0.03a 276+x041la 0.077+£0.010 a 3.71+040a
AGUARA06 1957 £2.23a 0.64+0.11a 821+123a 29659 +18.17a 0.74+0.04a 254+0.56a 0.065 +0.008 a 4.00+£0.37a
BRS323 20.00£2.74a 0.67£0.04 a 8.35+0.34a 305.32+9.81a 0.76 £0.02a 2.39%0.28a 0.065+0.011a 269+046b
HEL10250 20.22£3.15a 0.66 £0.05a 8.56 £ 0.66 a 303.24+11.29a 0.76+0.02a 2.38+0.38a 0.068 +0.014 a 3.10£0.32b

337 Ay, net assimilation rate; gsw, Stomatal conductance for water vapour; E, transpiration rate; Ci, CO, concentration at the substomatal cavity; Ci/Ca, internal
338  carbon and external carbon ratio; An/E, instantaneous water-use efficiency; An/Ci, instantaneous carboxylation efficiency. Data are means = SD. Means followed
339 by the same letters in water conditions and genotypes did not differ by the Scott—Knott test (P<0.05).
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The net assimilation rate (An) was not altered as a function of water condition or
genotype. However, there was a reduction in the stomatal conductance rate for water vapour
(gsw), transpiration rate (E), CO2 concentration at the substomatal cavity (Ci), and internal and
external carbon (Ci/Ca) in plants under WD conditions. The instantaneous water-use efficiency
(An/E) and carboxylation efficiency (An/Ci) were higher in plants under WD conditions than in
those under WW conditions. For the genotypes, no significant differences were found. The WD
condition induced an increase of 140.91% in proline accumulation in sunflower genotypes, with
higher levels observed in AGUARA06 and OLISUNO3 than in the other genotypes.

Anatomical characteristics of the leaf

No significant differences were observed in mesophyll thickness (Fig. 4C), palisade
parenchyma thickness (Fig. 4D), spongy parenchyma thickness (Fig. 4E), or lower epidermis
thickness (Fig. 5D). However, there was a change in the area of the intercellular spaces and
substomatic chambers of these tissues (Fig. 3).

In the palisade parenchyma, WD induced an increase in the intercellular space and
substomatal chamber areas in AGUARAO06 and BRS323 (28.15 and 103.63%, respectively)
(Fig. 3E). In the spongy parenchyma, WD induced an increase in the intercellular space and
substomatal chamber areas in AGUARAO6 (41.46%) and BRS323 (39.62%) and a reduction in
HEL10250 (43.15%; Fig. 3F). On the other hand, when the plants were maintained at field
capacity (WW condition), larger areas of the intercellular space and substomatal chamber of
the palisade parenchyma under the WW condition were observed in AGUARAO06 (22.31%) and
OLISUNO3 (22.08%). Regarding the spongy parenchyma, the genotypes did not differ
regarding the area of the intercellular space and the substomatal chamber of the WW plants
(Fig. 3F).

There was no significant interaction between the studied factors and the distance
between the vascular bundles in the mesophyll and the thickness of the upper epidermis. Under
WD conditions, a 13.74% reduction in the distance between the vascular bundles was observed
(Fig. 4G). There were no significant differences in the distance between the vascular bundles
among the genotypes (Fig. 4H). The upper epidermis was thicker (22.04 um) in the genotypes
under the WW condition than in those under the WD condition (20.20 pum) (Fig. 4A). Among
the genotypes, OLISUNO3 and AGUARAO6 (22.31 and 21.88 pum, respectively) were thicker,
and HEL10250 and BRS323 (20.72 and 19.56 um, respectively) were thinner (Fig. 4B).
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Fig. 3. Transverse sections of the leaf blade and leaf anatomical characteristics of four
sunflower genotypes grown in rhizotron pots under well-watered (WW) and water deficit (WD)
plant conditions. BSE, bundle sheath extension; ABE, abaxial epidermis; ADE, adaxial
epidermis; IS, intercellular space; PP, palisade parenchyma; SC, substomatal chamber; SP,
spongy parenchyma; ST, stomata; VB, vascular bundle. Histograms represent the mean value
+ SD. Means followed by equal letters, uppercase for genotypes and lowercase for water
conditions (interaction between factors); means followed by equal letters in water conditions
and genotypes (isolated factors) do not differ by the Scott—Knott test (P<0.05).



392

393
394

395
396
397
398
399
400
401
402
403
404
405
406

35

30 30
S a £
" ? 173
3 | o
£ 20 = 20
[z} o
£ £
@ 15 - @ 15
£ E
b S
210 = 10
@ Q
g 3
a 51 & 5
=) =
0 0
ww WD OLISUNO3 AGUARAO6 BRS323  HELIO250
300 160
C M Y D —
- 140 Aa WD
250 St A o Aa A3 pa
{_ 120

%
=3
o

o

=]
[+
o

IS
o

Mesophyll thickness (um)
a g 8
Palisade parenchyma thickness (um)
[+
o

[N)
o

o

0
OLISUNO3 AGUARAO6 BRS323 HELIO250 OLISUNO3 AGUARA06 BRS323  HELIO250
160 25
E - WW F - WW
5140 —wob —wp
20 Aa Aa
- A A
0 Aa An A Al A Py
= Aa T Aa % Aa {
1001 Aa Aa  Aa —} T T
15 1]

10

[+
(=]

B [+
o o
Lower epidermis thickness (um)

Spongy parenchyma thickness (um)

n
=]

(=]
o

OLISUNO3 AGUARAOD6 BRS323  HELIO250 OLISUNO3 AGUARAO6 BRS323  HELIO250

Fig. 4. Leaf anatomical characteristics of four sunflower genotypes grown in rhizotron pots
under well-watered (WW) and water deficit (WD) plant conditions. Histograms represent the
mean value + SD. Means followed by equal letters in water conditions and genotypes (isolated
factors) means followed by equal letters, uppercase for genotypes and lowercase for water
conditions (interaction between factors) do not differ by the Scott—Knott test (P<0.05).

There was an interaction between the studied factors and the total area of the midrib and
area of the collenchyma. Under WD conditions, the total area of the midrib was reduced in the
sunflower genotypes (Fig. 5A). However, the greatest reductions in the midrib area in genotypes
under the WD condition occurred in AGUARAO6 (51.52%) and BRS323 (39.40%), which had
the smallest areas (Fig. 5B). In three of the studied genotypes, there was an increase in the
collenchyma area under WD conditions (Fig. 5C), and among the genotypes, HELIO250 had

the greatest collenchyma area (25.01%). No differences were observed among the genotypes
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for the area of the midrib vascular bundles (Fig. 5D). For vessel diameter, a reduction of 11.72%
was observed between the genotypes under the WD condition in comparison to those under the
WW condition (Fig. 5E). Among the genotypes, BRS323 and AGUARAO6 (51.91 and 49.65
pum, respectively) had the largest vessel diameters, while OLISUNO3 and HELIO250 (46.87
and 46.35 pm, respectively) had the smallest vessel diameters (Fig. 5F).
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Fig. 5. Anatomical sections and leaf anatomical characteristics of the midrib of four sunflower
genotypes grown in rhizotron pots under well-watered (WW) and water deficit (WD) plant
conditions. CO, collenchyma; VB, vascular bundle; XV, xylem vessels. Histograms represent

the mean value = SD. Means followed by equal letters, uppercase for genotypes and lowercase
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for water conditions (interaction between factors); means followed by equal letters in water
conditions and genotypes (isolated factors) do not differ by the Scott—Knott test (P<0.05).

In the adaxial surfaces of the leaves, an increase of 18.70% in the stomatal density of
the genotypes was observed under the WD condition compared to that under the WW condition
(Fig. 6A). Among the genotypes, no differences were observed (Fig. 6B). In contrast, for
genotypes under the WD condition, a reduction of 8.97% in the Sl on the adaxial face was
observed (Fig. 6C). Among the genotypes, BRS323 had the highest SI (25.92%), while
AGAURA06, HEL10250 and OLISUNO3 had Sls of 23.42, 23.33 and 21.17%, respectively
(Fig. 6D). There was also a significant reduction in the adaxial equatorial diameter of 3.98%
among the genotypes under the WD condition compared to the genotypes under the WW
condition (Fig. 6E). There were no differences in the equatorial diameter among the genotypes
(Fig. 6F). In addition, no differences in polar diameter were observed between water conditions
or between genotypes (Fig. 6G).

There was an interaction between water conditions and genotypes in the opening of the
adaxial stomatal pore. Adaxial stomatal pore opening only occurred in genotypes under WD
conditions, with no difference among the genotypes. The same trend was observed for
genotypes under the WW condition, except for BRS323, which obtained a higher adaxial
stomatal pore opening compared to genotypes under the same condition and an increase of
112.55% in relation to the BRS323 genotype under the WD condition (Fig. 6H).

The abaxial anatomical characteristics (except for equatorial diameter) showed
interactions between water conditions and genotypes. Compared to the WW condition, under
the WD condition, an increase in stomatal density was observed in the BRS323 and HEL10250
genotypes (77.17 and 64.15%, respectively) (Fig. 7A). Under WD conditions, the highest
stomatal density (520 stomata mm2) occurred in BRS323, while under WW conditions, the
highest stomatal density (546 stomata mm2) occurred in AGUARAO6 (Fig. 7A). SI was not
statistically different among genotypes under the WD condition, however, under the WW
condition, Sl increased by 23.47 and 12.69% in BRS323 and OLISUNO3, respectively (Fig.
7B). The area of the abaxial stomatal pore opening in OLISUNO3, AGUARAO06, and
HEL10250 was smaller under WD conditions. Between the two conditions, the greatest
reduction in the abaxial stomatal pore area (76.40%) occurred in HEL1O250 (Fig. 7C). There
was a significant reduction (12.76 and 8.00%) in the polar diameter of the abaxial stomata in
HEL10250 and BRS323, respectively, under the WW condition and the WD condition (Fig.
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7D). Under WW conditions, the largest polar diameters (35.99 and 34.65 um) occurred in
HELI0250 and BRS323, respectively, differing from those of OLISUNO3 and AGUARA06
(32.73 and 30.18 um, respectively). No differences were observed among the genotypes under
the WD condition (Fig. 7D). In comparison to the WW condition, the WD condition promoted
a significant reduction of 5.31% in the equatorial diameter of the abaxial stomata (Fig. 7E).
Among the genotypes, HELI0250 had the largest equatorial diameter of abaxial stomata (23.04
um), differing from those of BRS323, AGUARA06, and OLISUNO3 (22.13, 21.77 and 21.75,
respectively) (Fig. 7F).
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Fig. 6. Characteristics of stomata of the adaxial face of four sunflower genotypes grown in

rhizotron pots under well-watered (WW) and water deficit (WD) plant conditions. Histograms

represent the mean value + SD. Means followed by equal letters in water conditions and

genotypes (isolated factors) means followed by equal letters, uppercase for genotypes and

lowercase for water conditions (interaction between factors) do not differ by the Scott—Knott

test (P<0.05).
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Fig. 7. Characteristics of stomata of the abaxial face of four sunflower genotypes grown in
rhizotron pots under well-watered (WW) and water deficit (WD) plant conditions. Means
followed by equal letters, uppercase for genotypes and lowercase for water conditions
(interaction between factors); means followed by equal letters in water conditions and
genotypes (isolated factors) do not differ by the Scott—Knott test (P<0.05).
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Discussion

This study monitored a set of morphological, anatomical and physiological characteristics in
sunflower genotypes under controlled water deficit conditions. Responses to water deficit vary,
enabling tolerance in sunflowers. The four commercial sunflower plant genotypes evaluated,
when grown in pots at 40% field capacity, i.e., under severe water restriction, showed delayed
reproductive development, as indicated by the later emergence of flowers. A greater delay was
observed in BRS323 and HEL10250 than in the other genotypes. Growth in terms of height,
although it lasted longer, particularly in these genotypes, was reduced under WD conditions in
all genotypes.

Except the HELIO250 genotype, changes in growth due to WD also included changes
in SLA, LMR, and root/shoot ratio. According to these indices, HELIO250 plants also stood
out because they did not show a reduction in root dry mass accumulation in response to water
deficit. However, the genotypes did not differ in terms of biomass accumulation in the roots,
leaves or leaf area. This explains the absence of a significant difference between the genotypes
regarding gas exchange, particularly the rate of photosynthetic CO2 assimilation.

For all four genotypes, WD conditions induced a reduction in leaf area and leaf biomass
accumulation, although the rates of An and quantum yield were not significantly modified. It is
suggested that this scenario developed from the morphoanatomical and physiological changes
observed in these plants. In plants under WD conditions, reductions in stomatal conductance,
leaf transpiration rates and leaf carbon concentration were observed in this study, similar to
those observed in other crops subjected to WD conditions (Pires et al., 2020; Langner et al.,
2021; Becker et al., 2021), contributing to changes in the mechanism of internal input and
diffusion of COz and, consequently, in the An/E (Bertolino et al., 2019).

In sunflower, stomata are present on both sides of the epidermis. The changes in the
CO2 input mechanisms involved a reduction in the number and density of stomata in the adaxial
epidermis, a change in morphology (flattening), and a reduction in the pore area. All these
modifications have been cited as drought tolerance strategies (Ozkur et al., 2009). In this study,
an increase of more than 100% in leaf proline levels was also determined, similar to the results
of Carvalho et al. (2018) for the same northeastern semiarid genotypes and those of Barros et
al. (2019) in a controlled environment. The increase in proline accumulation in response to WD
suggests osmotic adjustment, a mechanism that allows plants to decrease water potential and

thus favour water absorption and increased turgor (Rauf, 2008).
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The rate of An was not altered by water conditions. However, the stomatal conductance
and transpiration rates were altered under WD conditions. It has been suggested that the ability
of plants to adjust photosynthesis in response to water deficit may be correlated with the leaf
anatomy of the sunflower genotypes, involving mechanisms of internal input and diffusion of
COo, such as the density index, as well as space for the diffusion of CO> in tissues, such as
intercellular spaces and substomatal chambers of the mesophyll. Sunflower plants have stomata
on both sides of the leaves, and under water deficit conditions, the stomatal density and Sl data,
in addition to the polar and equatorial diameters and opening of the stomatal pore, were
adjusted, suggesting that they contributed to the net assimilation rate (Figs. 7 and 8). Greater
stomatal closure and changes in stomatal morphology are mechanisms (or strategies) to prevent
the impact of drought (Ozkur et al., 2009). These changes favour the optimization of CO;
absorption for photosynthesis and minimize water loss, which is related to An/E (Bertolino et
al., 2019). These changes were reflected in the reduction in gsw, E, Ci and the Ci/Ca ratio for
genotypes under WD conditions.

Under WD conditions, the HELIO250 genotype stood out from the other genotypes
because there was no reduction in dry mass accumulation in the roots, SLA, leaf mass ratio or
root/shoot ratio. Although the number of stomatal openings in the adaxial epidermis did not
reduce in response to WD, this genotype saw a decrease in the area of its stomatal pore, which
minimizes water loss by transpiration. In addition, near the adaxial epidermis, there was no
change in the area of the intercellular spaces and the substomatic chamber of the palisade
parenchyma or reductions in the total area of the main vein, which are characteristics that
support the CO: diffusion necessary to maintain photosynthetic activity and biomass
accumulation. In comparison to the other genotypes, this genotype also had a higher minimum
leaf water potential, regardless of water conditions.

On the other hand, under WD conditions, the genotypes OLISUNO3, BRS323, and
HEL10250 invested in increasing the area of the collenchyma (Fig. 5C), a dynamic tissue that
plays a role in increasing structural support and maintaining water balance (Dos Anjos et al.,
2015). Under this condition, the genotypes AGUARA06 and BRS323 showed an increase in
the area of intercellular space and the substomatal chamber in the palisade parenchyma. This
change favours the internal storage of CO and greater efficiency in the diffusion of CO. and
water use, partially compensating for losses due to stomatal restrictions and consequently
contributing to the efficiency of photosynthesis. According to Oliveira et al. (2022), in plants

with drought tolerance, the relationship between increased intercellular spaces and lower water
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content is important to modulate the movement of CO, and water vapour within the leaf. In the
present study, this was observed and was reflected in the increase in An/E for photosynthetic
CO. assimilation and in the instant carboxylation efficiency of Rubisco, which were higher
under the WD condition than under the WW condition (Table 3).

Another adjustment, observed in the OLISUNO3 and HEL10250 genotypes, which is
notable is the reduction in the diameter of the xylem vessels and the distance between the
vascular bundles in the main vein of the leaves. This scenario favours the maintenance of the
water balance and makes it possible to reduce damage to the leaf water conduction systems, as
well as improve water distribution along the entire leaf extension. In addition, the sunflower
genotypes differed regarding the accumulation of proline in the leaves in response to WD, and
proline accumulation was higher in the OLISUNO3 and AGUARAO06 genotypes than in the
other genotypes (Table 3).

In this study, it was verified that in sunflower cultivars, some characteristics favoured
greater tolerance to water deficit. Among these, it is worth highlighting the increase in the area
of the intercellular space and the substomatic chamber of the palisade parenchyma (greater in
AGUARAO06 and BRS323), the area of the intercellular space and the substomatic chamber of
the spongy parenchyma (greater in HEL10250) and the area of the collenchyma in the midrib
(larger in OLISUNO03, BRS323 and HELIO250). The increase in air spaces, as already
discussed, favoured the efficiency of photosynthesis, which was reflected in the development
of the sunflower. In addition, it is necessary to emphasize the characteristics related to the
stomata, which showed the importance of the stomatal mechanism for sunflower cultivars in
the face of water restrictions: increase in stomatal density (higher in BRS323 and HEL10250),
in the stomatal index (higher in OLISUNO3 and BRS323) and in the polar diameter of the
stomata (larger in BRS323) on the abaxial surface, reduction of the stomatal pore opening on
the abaxial surface (larger on OLISUNO03, AGUARAO6 and HEL10250), and reduction of the
stomatal pore opening on the adaxial surface (larger on BRS323). The study developed under
controlled conditions of water deficit allowed us to identify attributes related to the drought
tolerance of sunflower cultivars for use as morphophysiological descriptors. These leaf
anatomical characteristics can contribute to the selection of new sunflower genotypes for the

Sunflower Genetic Improvement Program for cultivation in regions with water restrictions.
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Conclusions

Water deficit affected the development of sunflower genotypes, which was observed in growth
characteristics and mass accumulation. We found that anatomical characteristics, such as the
intercellular space area and substomatal chamber, as well as changes in stomatal density and
morphology, xylem diameter, and proline content, modulated and allowed efficient gas

exchange for all genotypes.
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Table 1. Plant growth characteristics of four sunflower genotypes grown in rhizotron pots under
well-watered (WW) and water deficit (WD) plant conditions. LDM, leaf dry mass; RDM, root
dry mass; TDM, total shoot; LA, total leaf area. Data are means = SD. The means followed by
the same lowercase letter in the rows (comparing humidity conditions) and uppercase letters in
the columns did (comparing genotypes) not differ according to the Scott—Knott test (P<0.05).

Table 2. Physiological growth indexes of four sunflower genotypes grown in rhizotron pots
under well-watered (WW) and water deficit (WD) plant conditions. SLA, specific leaf area;
LAR, leaf area ratio; LMR, leaf mass ratio; RSR, root/shoot ratio. Data are means = SD. The
means followed by the same lowercase letter in the rows (comparing humidity conditions) and
uppercase letters in the columns did (comparing genotypes) not differ according to the Scott—
Knott test (P<0.05).

Table 3. Means of gas exchange of four sunflower genotypes grown in rhizotron pots under
well-watered (WW) and water deficit (WD) plant conditions. AN, net assimilation rate; gsw,
stomatal conductance for water vapour; E, transpiration rate; Ci, CO2 concentration at the
substomatal cavity; Ci/Ca, internal carbon and external carbon ratio; AN/E, instantaneous
water-use efficiency; AN/Ci, instantaneous carboxylation efficiency. Data are means + SD.
Means followed by the same letters in water conditions and genotypes did not differ by the
Scott—Knott test (P<0.05).

Fig. 1. Growth characteristics of four sunflower genotypes grown in rhizotron pots under well-
watered (WW) and water deficit plant conditions (WD). (A-H) Morphological aspects of
sunflower genotypes in well-watered condition (WW) and water deficit (WD), (I) Height of
plants in well-watered condition (WW), (J) Height of plants in water deficit (WD), (K) Stem
diameter in conditions of well-irrigated (WW) plants and water deficit (WD), (L) plant stem
diameter, independent of water conditions, and (M) reproductive stages of four sunflower
genotypes grown in pots under well-watered and water deficit plant conditions. Symbols
represent the mean values. Asterisks indicate the significance (Scott—Knott test, P-value <0.05).

Fig. 2. Leaf water potential of four sunflower genotypes grown in rhizotron pots under well-
watered (WW) and water deficit (WD) plant conditions. (A and B) Leaf water potential
recorded at dawn and (C and D) close to noon. Histograms represent the mean value = SD.
Means followed by the same letters in water conditions and genotypes did not differ by the
Scott—Knott test (P<0.05).

Fig. 3. Transverse sections of the leaf blade and leaf anatomical characteristics of four
sunflower genotypes grown in rhizotron pots under well-watered (WW) and water deficit (WD)
plant conditions. BSE, bundle sheath extension; ABE, abaxial epidermis; ADE, adaxial
epidermis; 1S, intercellular space; PP, palisade parenchyma; SC, substomatal chamber; SP,
spongy parenchyma; ST, stomata; VB, vascular bundle. Histograms represent the mean value
+ SD. Means followed by equal letters, uppercase for genotypes and lowercase for water
conditions (interaction between factors); means followed by equal letters in water conditions
and genotypes (isolated factors) do not differ by the Scott—Knott test (P<0.05).
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Fig. 4. Leaf anatomical characteristics of four sunflower genotypes grown in rhizotron pots
under well-watered (WW) and water deficit (WD) plant conditions. Histograms represent the
mean value = SD. Means followed by equal letters in water conditions and genotypes (isolated
factors) means followed by equal letters, uppercase for genotypes and lowercase for water
conditions (interaction between factors) do not differ by the Scott—Knott test (P<0.05).

Fig. 5. Anatomical sections and leaf anatomical characteristics of the midrib of four sunflower
genotypes grown in rhizotron pots under well-watered (WW) and water deficit (WD) plant
conditions. CO, collenchyma; VB, vascular bundle; XV, xylem vessels. Histograms represent
the mean value £ SD. Means followed by equal letters, uppercase for genotypes and lowercase
for water conditions (interaction between factors); means followed by equal letters in water
conditions and genotypes (isolated factors) do not differ by the Scott—Knott test (P<0.05).

Fig. 6. Characteristics of stomata of the adaxial face of four sunflower genotypes grown in
rhizotron pots under well-watered (WW) and water deficit (WD) plant conditions. Histograms
represent the mean value £ SD. Means followed by equal letters in water conditions and
genotypes (isolated factors) means followed by equal letters, uppercase for genotypes and
lowercase for water conditions (interaction between factors) do not differ by the Scott—Knott
test (P<0.05).

Fig. 7. Characteristics of stomata of the abaxial face of four sunflower genotypes grown in
rhizotron pots under well-watered (WW) and water deficit (WD) plant conditions. Means
followed by equal letters, uppercase for genotypes and lowercase for water conditions
(interaction between factors); means followed by equal letters in water conditions and
genotypes (isolated factors) do not differ by the Scott—Knott test (P<0.05).
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ARTIGO 2: ROOT SYSTEM MORPHOANATOMY OF SUNFLOWER GENOTYPES
UNDER WATER DEFICIT

ARTIGO A SER SUBMETIDO NA PLANT BIOLOGY
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Root system morphoanatomy of sunflower genotypes under water deficit
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ABSTRACT

e Sunflower is classified as a drought tolerant crop. However, its productivity is affected
under water deficit when it reaches the flowering period. Information about the
morphoanatomical characteristics of the root system and trichome densities in leaves, tested
under controlled water deficit conditions, can contribute to sunflower breeding programs.

e The objective of this study was to identify a set of root morphoanatomical characteristics
and trichome density on leaves of four sunflower genotypes subjected to controlled water
deficit. We tested four commercial sunflower genotypes (OLISUNO3, AGUARAO06,
HEL10250 and BRS323) under well-irrigated (field capacity) and water restriction (40% of
field capacity) conditions.

e Under water deficit, the genotypes OLISUNO3 and BRS323 have a narrow and deep
root system architecture (RSA), contributing to the survival of the plants under limited soil

water conditions. In this condition, tissue differentiation occurred first near the root apex. Under
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water deficit, the genotypes OLISUNO3 and AGUARAO06 had reduced endoderm thickness and
vascular cylinder area.

e The four sunflower genotypes tested have water absorption strategies and
morphoanatomical modifications. Characterization of this set of traits contributes to sunflower
breeding programs.

Keywords: Helianthus annuus L.; root development; root system architecture; anatomical

changes.

Introduction

Sunflower (Helianthus annuus L., Asteraceae) is an oilseed crop with a high oil content
(40 to 60%) and protein content (17 to 20%) and with global potential for the production of
edible oil and animal feed (Hussain et al., 2018). It is grown in regions with water restriction or
supplemental irrigation (Hussain et al., 2018) and under drought conditions, especially relative
to other crops such as maize and wheat (lbrahim et al., 2016). However, water deficit in the
vegetative, flowering and/or achene filling phase promotes significant reductions in yield and
oil percentage (lbrahim et al., 2016). Therefore, identifying root characteristics that may
contribute to drought tolerance and ensure yield is essential for crop breeding programs.

The root system comprises a set of characteristics associated with several functions
involved in plant development. Among them are anchorage and water and nutrient uptake from
soil (Li et al., 2021). Root system architecture (RSA) includes root positioning, length, angle,
branching, surface area, coverage and diameter (Karlova et al., 2021). These are adaptive traits
for capturing soil resources, such as water and nutrients, thus contributing to plant breeding
programs (Alahmad et al., 2019; Zhan et al., 2019; Li et al., 2021).

Anatomical changes involved in the radial transport of water, such as apoplastic and

symplastic pathways, occur in the root system (Diaz et al., 2018). The main changes are in the
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cortical parenchyma cells and apoplastic barriers, epidermis and sometimes exodermis and
endodermis (Klein et al., 2020). Other changes occur in the vascular cylinder, which is the
tissue responsible for transporting water to the aerial part of the plant (Klein et al., 2020). In
this case, the main changes occur in the xylem vessels, which are modulated according to water
availability, either in the diameter and number of vessels or in the thickness of the cell wall
(Klein et al., 2020). This set of modifications promotes better water absorption and efficiency,
enhancing the productivity of crops such as soybean (Prince et al., 2017) and the reduction in
xylem vessels, which prevents xylem embolisms, as evidenced in woody plants (Levionnois et
al., 2021).

The characteristics of RSA include the spatial distribution of the root system and
anatomical characteristics involved in water absorption and transport. This study highlights a
set of characteristics of the root system that may contribute to sunflower breeding programs.
Therefore, the hypotheses are as follows: 1) sunflower genotypes have a narrow root system
that absorbs water in deep soil layers; 2) sunflowers under water deficit conditions promote root
tissue differentiation near the root apex compared to those with adequate irrigation; and 3) in
sunflower plants of different genotypes under water stress, there is an increase in apoplastic
barriers and a reduction in the vascular cylinder and xylem diameters. The objective of the
present study was to evaluate the root morphoanatomical characteristics of four sunflower

genotypes subjected to controlled water deficit.
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Material and Methods
Location and growth conditions

The experiment was conducted in a greenhouse located in the Botany Sector of the
Department of Biology (DBI) of the Federal University of Lavras (UFLA), Lavras, MG, Brazil.
The environmental temperature was maintained at 26 + 2 °C, the relative humidity was between
50% and 70%, and the average photosynthetic photon flux density was 652 pmol m? s, as
measured in the plant canopy. A photoperiod of 12 hours in the light and 12 hours in the dark
was used. The plants were kept in rhizotron pots (size: 42.5x29.5x3.5 c¢cm) containing a
transparent glass plate inclined at 43° towards the horizontal plane, promoting root development
next to the plate and consequently facilitating the evaluation of the root system. The rhizotron
vessels were filled with 2.8 L of compost, containing washed sand and the commercial substrate
Tropstrato (vida verde®, Brazil) at a 1:1 ratio. The substrate had the following properties: pH
CaCl; : 5.75; P: 65.70 mg dm™; K: 1.60 cmolc dm; Ca: 23.80 cmolc dm™; Mg: 12.40 cmolc
dm3; Al: 0.0 cmolc dm3; H+ALl: 4.20 cmolc dm; sum of bases: 39.80 cmolc dm; cation
exchange capacity: 42.10 cmolc dm3; base saturation (V%): 64.80; electrical conductivity: 1.5
mS cm*; density on a dry basis: 190 kg m; density on a wet basis: 500 kg m~ ; moisture: 60%

of the total weight of the substrate.

Plants and experimental design

Four sunflower genotypes were tested, including three commercial hybrids from
different breeding programs: OLISUNO3 (Advanta Comércio de Sementes Ltda., Campinas,
SP, Brazil), AGUARAO06 (Atlantica Sementes, Curitiba, PR, Brazil), HELI0250 (Heliagro
Agricultura e Pecuéria Ltda., Araguari, MG, Brazil) and BRS323, a hybrid developed by
Embrapa (Empresa Brasileira de Pesquisa Agropecudria, Brasilia, DF, Brazil). Sunflower

plants were obtained from seeds germinated on Germitest® paper in a germination chamber at



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

54

25 °C under 12 h of light provided by lamps, reaching a photosynthetically active photon flux
density of 96 umol m s, The plants were transferred to the pot rhizotrons when the rootlets
reached approximately 2 cm in length.

The experiment was conducted with a 2x4 factorial design (two water conditions and
four sunflower genotypes), and a completely randomized design with six replicates was applied,
with one plant per rhizotron pot, totalling 48 plants. The water conditions evaluated included
well-irrigated plants (WW), corresponding to field capacity, and plants under water deficit
(WD), in which the field capacity was progressively decreased from 15 to 30 days after
transplanting (DAT), up to 40% and maintained at that point until 51 DAT, i.e., the beginning
of the reproductive stage. At this stage, it is possible to determine architectural and anatomical
parameters of the root system involved in the effects of water deficit in the period that includes
the beginning of flowering and the filling of the achenes.

All plants were irrigated with Hoagland and Arnon (1950) nutrient solution at 40% ionic
strength. The moisture content of the compost in the rhizotron vessels was monitored with soil
resistive moisture sensors connected to the voltage comparator module (LM393) and regulated
with a microcontroller (Arduino Mega2560). The irrigation system for each water condition
was automatically activated when the moisture content of the compost reached the field
capacity, which was determined for each water regime. In addition, the system consisted of an
irrigation pump, distribution hoses and two drip pipes (length 15 cm) positioned at the upper

edge of each rhizotron vessel.

Moisture content and root angle
At 51 DAT, the vessels were scanned using an A3 scanner (1200S, Mustek, China), and
all analyses were performed using ImageJ software. To visualize the moisture content and

distribution in the substrate, the images were stacked, obtaining the average grayscale intensity
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values. The images were coloured with 16 colours (LUT), and the intensity and moisture
distribution of the rhizotron vessel were visualized with a colour scale (Rellan-Alvarez et al.,
2015). The angle of the root system was obtained between the beginning of the main root at the
upper edge of the compost and the limit of the secondary roots on the side of the rhizotron
vessel. A representation of the root system architecture was created from six stacked images

and the configuration of a time-lapse colour coder (LUT-Spectrum).

Anatomical root analyses

At 51 DAT, the rhizotron vessels were disassembled, and roots approximately 20 cm
long were collected from the apex and fixed in 70% FAA solution (formaldehyde, glacial acetic
acid and 70% ethanol, 1:1:18) for 72 hours, after which they were transferred to 70% ethanol
(Johansen, 1940). Subsequently, sections were obtained at 6, 12, 14 and 16 cm from the root
tip towards the root base (Fig. 1) and dehydrated in increasing concentrations of ethanol (70,
80, 90 and 100%). At intervals of 2 hours at room temperature, the cells were infiltrated for 24
hours in historesin (Leica Microsystems, Heidelberg, Germany). The cross-sections (7 um
thickness) were obtained using a semiautomatic rotating microtome, stained with 0.05% (w/v)
toluidine blue (Feder and O'Brien, 1968) and mounted on permanent slides with Entellan
(Merck, Darmstadt, Germany). The slides were photographed with a camera attached to a
microscope (Eclipse E100-LED; Nikon, Tokyo, Japan). Quantitative anatomical data were
obtained using ImageJ software, and analyses in which all tissues were differentiated were
performed in 12-cm sections from the root apex (Figure 1). The thicknesses of the epidermis,
exodermis, cortex and endodermis were determined, as were the diameters of the metaxylem,

vascular cylinder and cortex areas.
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Statistical analyses
The data were tested for normality using the Shapiro—Wilk test. The means were subjected to
analysis of variance (ANOVA) followed by the Scott—Knott test. All analyses were performed

using Sisvar 5.0 software (Ferreira, 2011).

Results
Moisture content and root angle

The moisture mapping in the rhizotron vessels showed that in the OLISUN250 and
HELIO250 genotypes, under the two water conditions, water uptake by the root system
occurred in the middle and superficial regions of the rhizotron vessels (Fig. 2a, b, g, h). In the
OLISUN250 genotype, under water deficit, a higher moisture content was observed in the upper
side of the vessels (Fig. 2b), while in HEL10250, under both water conditions, higher moisture
levels were observed along the sides and in the deep region of the rhizotron vessels (Fig. 2 g,
h). In the AGUARAO06 and BRS323 genotypes, under the two water conditions, water
absorption was observed in the different regions of the rhizotron vessels (Fig. 2c, d, e, f).
However, for BRS323 water absorption occurred under water deficit in the deep region of the
rhizotron vessel (Fig. 2f).

The angle of the root system of the AGUARAO06 genotype under water deficit was wider
(Fig. 2d; Fig. 3) than that under field capacity (Fig. 2c; Fig. 3). On the other hand, the root
systems of the OLISUNO3 and BRS323 genotypes in the well-watered treatment reached
greater angles than those in the water deficit treatment (Fig. 2a, and; Fig. 3). A comparison
within the water deficit conditions showed that the root system of the genotype AGUARAO06
had a greater angle than that of the other genotypes, while in the well-irrigated treatment, the

root systems of the genotypes OLISUN03, BRS323 and AGUARAO6 reached larger angles

(Fig. 3).
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Root anatomical characteristics

There was a difference in the differentiation of root tissues between the two irrigation
conditions, as observed in the anatomical sections collected in different positions, starting from
the root tip (Fig. 1). In the plants under water deficit, all the root tissues located 6 cm from the
apex were differentiated, while in those under field capacity, several tissues were differentiated,
especially those of the vascular cylinder (Fig. 1d).

The interaction between genotype and water condition had an effect on endoderm
thickness and vascular cylinder area. The endoderm thickness was greater in OLISUNO3 in the
WW condition than in the other genotypes in the same condition; this was the only genotype
for which a significant reduction was observed when the plants were subjected to the water
deficit condition (Table 1).

Comparing the genotypes under water deficit, it was observed that BRS323 presented
greater endodermis thickness (Table 1). Water deficit caused a reduction in the vascular
cylinder area only in AGUARA06. Among the genotypes under the WW condition, the smallest
areas of vascular casts occurred in BRS323 and HELIO250 (Table 1).

There was no interaction among the thicknesses of the epidermis, exodermis, cortex,
and cortex area or metaxylem diameter. However, for all the genotypes, water deficit allowed
for an increase in the thickness of the root epidermis and a reduction in the diameter of the
metaxylem vessel, while the field capacity condition allowed for greater thickness and total
cortex area (Table 2). Regardless of the water conditions, a reduction was observed in the

thickness of the exodermis in OLISUNO3 and in the diameter of the metaxylem in HEL10250.
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Discussion

This study, conducted in rhizotron vessels under controlled water deficit conditions,
allowed us to obtain parameters that reflect the development of sunflower under field
conditions. Thus, the characteristics evaluated, such as RSA and root anatomy, which are
involved in the mechanisms of water absorption, promoted structural and anatomical changes
under controlled water deficit conditions. Therefore, we have evidenced a set of root system
characteristics that may be related to sunflower tolerance to water deficit and may affect grain
yield (achenes) in areas with prolonged summers (Carvalho et al. 2018; Souza et al. 2019;
Carvalho 2020). In addition, the rhizotron vessel research model presented highly relevant,
complex and interesting results, corroborating a previous study conducted with maize (Z. mays
L.) genotypes (Pires et al. 2020).

The mapping of substrate moisture and the angle occupied by the root system showed
strategic water uptake by the root systems of sunflower genotypes subjected to controlled water
deficit (Fig. 2). The efficiency of water uptake by the root systems of sunflowers belonging to
different genotypes is related to the smaller angle of the root system, characterized as narrow
and deep, as evidenced in the genotypes BRS323 and OLISUNO3 under water deficit (Fig. 2a
and 2f).

The RSA is an important characteristic that determines the efficiency of soil water
capture to prevent water stress in crops (Li et al., 2021). Crops under water deficit tend to
develop roots with a narrower and deeper angle, thus allowing access to nutrients and water in
deeper soil layers (Alahmad et al., 2019). This response was observed for the genotypes
OLISUNO3 and BRS323 under water deficit.

Depending on the water conditions, the sunflower genotypes showed variation in the
time of differentiation of the root tissues, observed in anatomical sections from the root apex to

the root base (Figure 1). In the plants under water deficit, there was total differentiation of
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tissues near the root apex (6 cm), while in those under field water capacity, there was
differentiation even further away from the root apex (12 cm). Therefore, this differentiation is
a strategy for capturing available water in the deepest part of the soil, evidenced by the narrow,
deep root system and water absorption in this region of the rhizotron vessel, as observed in the
moisture mapping of genotypes BRS323 and OLISUNO3 (Figure 2 B, F). Plants grown under
abiotic stress promote anatomical structural changes in different regions of the roots; such an
effect was observed for soybean under saline stress [Glycine max (L.) Merr.] (Silva et al., 2021)
and for maize under high air temperature stress, drought stress or combinations of these two
conditions (Zea mays) (Pei et al., 2023).

Plants under water deficit underwent root anatomical changes, contributing to water
deficit tolerance (Fig. 4, Table 1). In this study, root anatomical characteristics involved in water
absorption and conduction, such as endoderm thickness and vascular cylinder area, exhibited
plasticity; that is, they responded to water deficit. In particular, a reduction in the vascular
cylinder was observed in the AGUARAO6 genotype and in the endodermis in OLISUNO3
(Figure 1, Table 1). These adjustments in the endoderm allow a lower apoplastic barrier,
contributing to the radial absorption of water. In addition, the reduction in the vascular cylinder
is a protective mechanism and contributes to the movement of water into the shoots and the
maintenance of ideal conditions for continued growth of the root system (Hazman & Brown,

2018).

Conclusion
The controlled water deficit induced morphoanatomical changes that were observed in the RSA,
the mechanisms of radial water absorption and water transport to the aerial parts of the

sunflower plants. This set of traits contributes to the tolerance of sunflower genotypes to water
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deficit. In addition, the results shown here can contribute to sunflower genetic improvement

programs.
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Table 1. Root anatomical characteristics of four sunflower genotypes (Helianthus annuus L.)

grown in pots with full irrigation (field capacity; WW) and under controlled water deficit (40%

of field capacity; WD).

RDT (um) VCA (um?)
Genotypes WwW WD Ww WD
OLISUNO3 19.96 £ 1.35 Aa 16.43+0.83 Bb 83162 + 24747 Aa 70013 £+ 20407 Aa
AGUARA06 16.11+1.31 Ba 15.54 £ 0.97 Ba 104417 + 30343 Aa 61395 + 19379 Ab
BRS323 16.80 £ 0.69 Ba 18.67 £ 1.00 Aa 58187 + 4041 Ba 63374 £ 8770 Aa
HEL10250 16.78 £ 1.82 Ba 15.97 £ 1.64 Ba 45811 + 9726 Ba 55576 + 18327 Aa

The means followed by the same uppercase letter in the columns and lowercase letters in the rows did not differ

from each other within 5% using the Scott Knott test. Means £ SD. RDT = Root endodermis thickness; VCA =

Vascular cylinder area.
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Table 2. Root anatomical characteristics of four sunflower genotypes (Helianthus annuus L.)

grown in pots with full irrigation (field capacity; WW) and under controlled water deficit (40%

of field capacity; WD).

Water RET (um) REXT (um)  RCT (um) RCA (um?) RMD (um)
condition

wWw 23.1+22b 218+24a 285.7+23.7a 473726 £ 90383 a 335+51a
WD 251+29a 20.0+34a 249.1+22.1b 382047 £ 80502 b 305+4.4b
Genotypes

OLISUNO3 228+13a 185%24b 267.0+29.0a 433224 £ 67955 a 344+52a
AGUARAO6 249+30a 21.0+38a 267.5+30.1a 474036 £ 141039a 32.7+x35a
BRS323 232+x17a 211+27a 2743 +275a 439883 * 65669 a 356+29a
HEL10250 253+38a 229+22a 260.8 +19.5a 364403 + 54537 a 254+30b

Means followed by equal letters in water conditions and genotypes, respectively, do not differ from each other

using the Scott-Knott test at 5% probability. Means = SD. RET = Root epidermis thickness; REXT = Root

exodermis thickness; RCT = Root cortex thickness; RCA = Root cortex area; RMD = Root metaxylem diameter.
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Fig. 1. Transverse sections in different root regions of four sunflower genotypes (Helianthus
annuus L.) grown in pots with full irrigation (field capacity; WW) and under water deficit (40%
of field capacity; WD). RE = Root epidermis; REX = Root exodermis; RC = Root cortex; VC =

Vascular cylinder; RD = Root endodermis; RM = Root metaxylem.
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Fig. 2. Moisture content and root system angle of four sunflower genotypes (Helianthus annuus
L.) grown in pots with full irrigation (field capacity; WW) and under water deficit (40% of field

capacity; WD).



67

3

3

Aa

N
o
——Z

Bb Bb T Ba

Root system angle
5 8 8 8

N
o
L

0 T T T T
OLISUNO3 AGUARA06 BRS323  HELIO250

426

427  Fig. 3. Root system angle averages of four sunflower genotypes (Helianthus annuus L.) grown
428  in pots with full irrigation (field capacity; WW) and under controlled water deficit (40% of field
429  capacity; WD).

430

431

432

433

434

435

436

437

438

439

440

441

442



443
444

445

446

447

68

OLISUNO3

rs

AGUARA06

BRS323

HELIO250

Fig. 4. Transverse sections in roots of four sunflower cultivars (Helianthus annuus L.) grown
under water conditions of well-irrigated plants - A (field capacity; WW) and under water deficit
- B (40% of field capacity; WD). RE = Root epidermis; REX = Root exodermis; RC = Root

cortex; VC = Vascular cylinder; RD = Root endodermis; RM = Root metaxylem.



