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RESUMO GERAL

Com o objetivo de avaliar a acao de biorreguladres na morfofisiologia e o perfil de o6leos
essenciais em plantas de Eryngium foetidum, quatro experimentos foram conduzidos. No
primeiro, duas concentragdes de carnitina foram aplicadas em plantas de coentro-maranhao
(100 uM e 10 mM), e ap6s 72 dias, analises de crescimento, contetido fotossintético, parametros
de trocas gasosas e fluorescéncia da clorofila a, foram mensuradas. No segundo experimento,
100 uM de carnitina foi aplicado nas plantas de coentro-maranhdo em diferentes condi¢des
hidricas: bem-irrigado, seca e re-irrigacao. No terceiro experimento 100 uM de acido ascorbico
foi aplicado nas plantas de coentro-maranhao sob seca. E no quarto experimento foi aplicado
100 uM de acido salicilico nas plantas, também em diferentes condi¢des hidricas (bem-irrigado,
seca e re-irrigagdo). Apds 100 dias, andlises morfologicas, fisioldgicas e perfil de 6leos
essenciais foram realizadas. A concentragao 100 uM de carnitina aumentou o crescimento das
plantas de coentro-maranhdo em condi¢des ndo-estressantes e 10 mM ndo alterou o
crescimento. As condic¢des hidricas e a aplicagdo de 100 uM de carnitina alteraram o perfil de
6leos essenciais das plantas de coentro-maranhao. A producao de eringio foi aumentada na seca,
bem como na re-irrigagdo com a aplicacdo de carnitina, e a hidroquinona foi produzida apenas
na combinagdo re-irrigagdo e carnitina. O acido ascoérbico, em condigdes sem estresse, restaurou
a concentracao de pigmentos, € na seca, modulou qualitativamente o perfil de 6leos essenciais,
sendo o dodecenal o composto que mais contribuiu para separagdo do perfil. O acido salicilico
ndo mitigou os efeitos da seca, mas em condigdes bem-irrigadas e re-irrigadas aumentou area
foliar e pigmentos fotossintéticos. Além disto, a aplicacdo do acido salicilico na seca modulou
o perfil de 6leos essenciais. Esses resultados servem como base para outros estudos sobre o uso
exogeno dos biorreguladores carnitina, acido ascorbico e acido salicilico em plantas de coentro-
maranhao, além de fornecer informacoes sobre a relacao entre diferentes condi¢des hidricas e
os biorreguladores e fornecer novas perspectivas para explorar a produgcdo de compostos de
interesse industrial e econdmico.

Palavras-chave: bioestimulante; estresse abidtico; metabolitos secundarios; planta alimenticia

ndo-convencional.



ABSTRACT

Aiming to evaluate the action of bioregulators on the morphophysiology and profile of essential
oils in Eryngium foetidum plants, four experiments were conducted. In the first, two
concentrations of carnitine were applied in culantro plants (100 uM and 10 mM), and after 72
days, analyzes of growth, photosynthetic content, gas exchange parameters and chlorophyll a
fluorescence were measured. In the second experiment, 100 uM of carnitine was applied in
culantro plants under different water conditions: well-watered, drought and re-watered. In the
third experiment, 100 uM of ascorbic acid was applied in culantro plants under drought. In the
fourth experiment, 100 uM of salicylic acid was applied in the plants, also in different water
conditions (well-watered, drought and re-watered). After 100 days, morphological,
physiological and essential oil profile analyzes were performed. 100 pM of carnitine increased
growth of culantro plants under non-stressful conditions and 10 mM did not alter growth. Water
conditions and application 100 uM of carnitine changed the essential oil profile of the culantro
plants. Eryngial production was increased in drought as well as in re-watered with the
application of carnitine, and hydroquinone was produced only in the combination of re-watering
and carnitine. Ascorbic acid, under non-stress conditions, restored pigment concentration, and
drought conditions, it modulated qualitatively the essential oil profile, with dodecenal being the
compound that most contributed to this profile separation. Salicylic acid application did not
mitigate the effects of drought, but under well-irrigated and re-irrigated conditions increased
leaf area and photosynthetic pigments. Furthermore, the exogenous application of salicylic acid
in drought modulated the profile of essential oils. These results in culantro can serve as a basis
for other studies about use the bioregulators carnitine, ascorbic acid and salicylic acid in
culantro plants, in addition to providing information on the relation between different water
conditions and bioregulators, providing new perspectives to explore production the compounds
of industrial and economic interest.

Keywords: biostimulant; abiotic stress; secondary metabolites; non-conventional food plant.
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1 INTRODUCAO GERAL

As plantas estdo expostas a diversos estresses ambientais em condi¢des naturais e
agricolas, sendo o estresse hidrico o que mais afeta o desenvolvimento e o crescimento, e
consequentemente, a produtividade das plantas (Seleiman et al., 2021). Cerca de 80-95% da
biomassa fresca vegetal ¢ constituida por agua, que desempenha importante papel em diversos
processos fisiologicos (Brodersen et al., 2019). Assim, a seca além de ser considerada o
principal estresse ambiental ¢ também uma ameaca a seguranga alimentar mundial (Okorie et

al., 2019; Diatta et al., 2020).

Aproximadamente 50% das perdas das colheitas sdo consequéncia de estresses
abidticos, dos quais 10% sao atribuidos a seca (Kajla et al., 2015). Estudos apontam que a seca
causara diminui¢cdo em mais de metade das terras araveis até 2050 (Kasim et al., 2013; Billah
et al., 2021), enquanto a populacdo mundial precisard de um fornecimento continuo de
alimentos (Gatehouse et al., 2011; Zia et al., 2021). Portanto, ¢ de suma importancia solug¢des

para cultivar plantas com agua limitada (Gregersen et al., 2013).

Algumas técnicas sdo utilizadas para mitigar os efeitos do estresse hidrico, como a
aplicag¢do de biorreguladores (Silva et al., 2023). Os biorreguladores sd3o moléculas organicas
de origem natural ou sintética que, em baixas concentragdes, agem no metabolismo das plantas
estimulando ou inibindo enzimas ou sistemas enzimaticos especificos que auxiliam a regulagdo
do metabolismo vegetal (Bisht et al., 2018; Small e Degenhardt, 2018). Nos ltimos anos, vem
crescendo a utilizacdo de biorreguladores visando otimizar a quantidade e a qualidade de

diversas culturas (Tormena et al., 2022; Jain et al., 2023).

Os biorreguladores influenciam processos como divisdo, alongamento e diferenciacao
celular, floragdo, frutificacdo e amadurecimento de frutos, melhora o crescimento das plantas e
translocacdo de nutrientes, induz a tolerancia das plantas contra os estresses ambientais, ja que
desencadeiam uma cascata de eventos metabdlicos, resultando em alteragdes no
desenvolvimento intracelular e no crescimento vegetal. Também podem regular a producao de
metabolitos secundérios nas plantas (Ratnakumar et al., 2016; Jamwal et al., 2018; Oh et al.,

2020; Zulfigar e Ashraf, 2021; Tormena et al., 2022; Gill et al., 2023). Exemplos de moléculas
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biorreguladoras sdo giberelina, etileno (Tormena et al., 2022), citocininas, acido ascorbico,
acido salicilico (Jain et al., 2023), bem como alguns aminoacidos, a exemplo da arginina

(Nargesi et al. 2022), prolina (Ami et al. 2020) e carnitina (Turk et al. 2019).

O 4cido salicilico (SA) ¢ uma molécula sinalizadora, reguladora de processos
fisioldgicos e bioquimicos como termogénese, fechamento estomatico e defesa das plantas a
estresses biotico e abidtico, envolvida na resisténcia sist€émica adquirida em vérios tecidos
vegetais (Wani et al., 2017; Zhang e Li 2019). O acido ascérbico (AsA) ¢ uma molécula nao-
enzimatica essencial na eliminac¢do da producao de espécies reativas de oxigénio (EROs) como
o peroxido de hidrogénio (H20z), no processo fotossintético, atuando como fotoprotetor na
dissipacdo do excesso de energia luminosa (Maruta, 2022; Celi et al., 2023). A carnitina esté
envolvida no metabolismo energético, na acdo hormonal e na adaptagdo ao estresse abiotico, e
tem um papel fundamental no transporte de acidos graxos de cadeia longa do citosol para a

membrana mitocondrial (Jacques et al., 2018; Oney-Birol, 2019).

Os metabdlitos secundarios, caracteristicos de plantas medicinais, sdo a base de diversos
medicamentos farmacéuticos comerciais e fitoterapicos (Li et al., 2020). Alguns oOleos
essenciais, normalmente produzidos por plantas aromdticas, sdo produtos do metabolismo
secundario e definidos como substancias complexas com alto valor agregado devido as suas
aplicacdes na industria farmacéutica (Leitdo et al., 2020; Rodrigues et al., 2022). A espécie
Eryngium foetidum L., conhecida popularmente no Brasil como chicoria-do-pard, coentrdo e
coentro-maranhdo, ¢ utilizada como condimento e medicinal, tem despertado o interesse de
pesquisadores e da industria devido a presenca de Oleos essenciais e suas caracteristicas
farmacoldgicas antifingica, antibacteriana e antileishmanicida (Thomas et al., 2017; Leitao et

al., 2020).

Além de interferir no crescimento das plantas, os fatores ambientais e as praticas de
cultivo, como a utilizagdo exdgena de biorreguladores, também interferem na biossintese de
metabolitos secundarios (Nasiri et al. 2018; Ali, 2021; Santos et al., 2023; Jalili et al., 2023).
Diante do exposto, para testar as hipoteses de que os biorreguladores podem atenuar os efeitos
do estresse hidrico, bem como modular o perfil de 6leos essenciais em coentro-maranhao,

objetivou-se avaliar a a¢do do 4cido salicilico, acido ascorbico e carnitina no crescimento,
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morfofisiologia e perfil de 6leos essenciais em plantas dessa espécie sob condi¢des normais e

estresse hidrico.

2 OBJETIVOS
2.1 OBJETIVO GERAL

Avaliar o efeito de biorreguladores vegetais no crescimento, morfofisiologia, e perfil de 6leos

essenciais em plantas de coentro-maranhdo submetidas a diferentes condig¢des hidricas.

2.2 OBJETIVOS ESPECIFICOS

e Compreender as modificagdes morfofisioldégicas em plantas coentro-maranhdo sob
condigoes de estresse hidrico;

e Determinar o efeito de concentracdes contrastantes do aminoacido carnitina aplicado
exogenamente em plantas de coentro-maranhao;

e Analisar o efeito dos biorreguladores acido ascorbico, acido salicilico e carnitina no
crescimento, particionamento de biomassa e capacidade fotossintética de plantas de
coentro-maranhdo submetidas a estresse hidrico;

e Avaliar a capacidade dos biorreguladores acido ascorbico, acido salicilico e carnitina
em mitigar os danos morfofisiologicos causados pelo estresse hidrico em plantas de
coentro-maranhao;

e Avaliar o perfil de 6leos essenciais em plantas de coentro-maranhdo submetidas a
diferentes condicdes hidricas e a aplicagdo dos biorreguladores acido ascorbico, acido

salicilico e carnitina.
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3 REVISAO DE LITERATURA
3.1 PROCESSOS AFETADOS PELO ESTRESSE HIDRICO

A seca fisioldgica ocorre quando a planta ndo consegue obter agua suficiente
(Malinowska et al., 2020), e isto afeta os aspectos morfologicos, fisioldgicos e bioquimicos das
plantas, como germinacdo, altura da planta, comprimento e didmetro da raiz, biomassa total,
abertura estomadtica, contetido relativo de agua, conteudo de carotenoides, estabilidade da
membrana, além de aumentar a quantidade de espécies reativas de oxigénio (EROs) (Patil et

al., 2021; Wahab et al., 2022).

A agua ¢ fundamental no processo germinativo das sementes e a sua falta inibe a fase
de embebicao e, consequentemente, dificulta a germinacao (Islam et al., 2018), além de reduzir
o vigor das mudas (Wahab et al., 2022). A altura das plantas ¢ outra caracteristica afetada pela
restricdo hidrica, ja que reduz o crescimento e aumenta a taxa de abscisdo foliar (Liang et al.,
2018). A arquitetura e morfologia do sistema radicular também sdo afetadas, ja que as raizes
sofrem alteragdes para aumentar a capacidade de absor¢do de dgua e nutrientes em condigdes

de estresse hidrico (Dinneny 2019; Ghafar et al., 2021).

A redugdo do contetido relativo de d4gua € um dos primeiros sinais de resposta ao estresse
hidrico (Hussain et al., 2018). O contetdo relativo de 4gua das folhas tem relacdo com a taxa
de crescimento do tecido foliar e a taxa de transpira¢do (Kapoor et al., 2020), isto porque a
redugdo do conteudo relativo de agua, reduz o potencial hidrico foliar, causando o fechamento

dos estomatos (Wahab et al., 2022).

A restricao hidrica ¢ um dos principais fatores ambientais que impedem a fotossintese
(Wahab et al., 2022). O estresse hidrico influencia o conteudo de clorofila a, b e carotenoides,
bem como afeta os fotossistemas I e II (Ashrafi et al., 2022; Wahab et al., 2022). A clorofila ¢
um componente essencial na fotossintese, e em condigdes de estresse ¢ afetado drasticamente

devido ao aumento do estresse oxidativo, degeneragdo ou foto-oxidacao (Allakhverdiev, 2020).

O estresse hidrico pode provocar mudangas na concentragao, composi¢ao e distribuigao
dos metabolitos primarios e secundarios, aumentando a capacidade de sobrevivéncia das plantas
em condicdes de estresse (Mundim e Prigle, 2018). Os metabolitos secundérios, sio compostos

naturais que desempenham diversas fungdes, envolvendo o crescimento e o desenvolvimento



16

das plantas em condi¢des normais, mas também em condi¢des de estresse, como um mecanismo
de defesa e tolerancia, ja que mudangas no ambiente acarretam em alteragcdes no metabolismo

das plantas (Ncube e Van Staden, 2015; Islam et al., 2017; Mundim e Pringle, 2018).

3.2 RESPOSTAS BIOQUIMICAS DAS PLANTAS AS CONDICOES DE ESTRESSE
HIDRICO

O primeiro sinal de resposta de uma planta ao estresse hidrico ¢ o fechamento dos
estomatos, que ¢ controlado principalmente por sinais quimicos, como a producao de acido
abscisico (Pirasteh-Anosheh et al., 2016; Hsu et al., 2021). O fechamento estomatico esta mais
relacionado ao teor de umidade do solo do que ao estado da dgua nas folhas, ¢ ¢ uma das mais
importantes reagdes da planta ao estresse hidrico, pois evita a perda de agua via transpiracao,
em contrapartida, a absor¢do de CO2 diminui e mais elétrons ficam disponiveis para produzir
as EROs (Pirasteh-Anosheh et al., 2016; Yang et al., 2021). Quando o estresse se torna mais
severo, os estomatos se fecham progressivamente, chegando a ficar totalmente fechados em

condigdes extremas de estresse hidrico (Islam et al., 2020; Wahab et al., 2022).

Durante a escassez hidrica, a planta é submetida a estresse oxidativo, resultando em
alteragoes fisiologicas e bioquimicas que causam disturbios metabolicos (Bashir et al., 2021).
No entanto, em resposta, a planta produz solutos ou osmolitos, como prolina, fenol, acido
ascorbico, glicina betaina, agucares e poliaminas que se acumulam, principalmente no
citoplasma (Chan et al., 2013; Islam et al., 2018). Essas moléculas tém a capacidade de eliminar
as EROs, aumentar o potencial hidrico e proteger as moléculas bioldgicas da peroxidagao
lipidica, atenuando assim, os efeitos deletérios e mantendo as relagdes hidricas (Bashir et al.,

2021; Wahab et al., 2022).

Sob estresse abiotico, as plantas produzem um conjunto de EROs, causando
desequilibrio e disfungdo no sistema defensivo (Bilska et al., 2019). As EROs consistem em
espécies radicais ndo-livre como o H>O», e radicais livres, tais como oxigénio singlete (O»-¢)
hidroxila (OHe) e superoxido (OHz¢), que sdo prejudiciais as células das plantas, ja que causam
danos oxidativos as proteinas, DNA e lipidios, além de degradar as estruturas celulares quando
produzidas em excesso (Bi et al, 2016; Choudhury et al., 2017). No entanto, através de vias

antioxidantes enzimaticas e ndo enzimaticas, as plantas garantem a homeostase celular e
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minimizam os efeitos negativos da superproducao das EROs para proteger os sistemas celulares
(Bilska et al., 2019). O sistema antioxidante enzimatico inclui o superoxido dismutase, catalase,
glutationa redutase, ascorbato peroxidase, enquanto o sistema antioxidante ndo-enzimatico
inclui ao principalmente compostos de baixo peso molecular e soliveis em agua, como

ascorbato e glutationa (Islam et al., 2018; Bashir et al., 2021).

3.3 ACIDO SALICILICO

O 4cido salicilico (AS) ¢ um derivado fendlico encontrado no reino vegetal, conhecido
como regulador de processos morfoldgicos, fisioldgicos e bioquimicos como, desenvolvimento,
floracdo, fechamento dos estdmatos, producgdo de clorofila, germinacdo de mudas, crescimento
celular, nodulagdo em leguminosas e defesa tanto local, quanto na resisténcia sistémica
adquirida em condigdes de estresses bidtico e abidtico (Miura e Tada, 2014; Wani et al., 2017).
O AS também influencia isoprenoides, como a-Tocoferol, carotenoides e monoterpenos,

principalmente em condig¢des de estresse hidrico (Arndt et al., 2001).

A biossintese do AS ocorre via chiquimato por duas rotas metabdlicas, via fenilalanina
e via isocorismato (Mishra e Baek, 2021). A rota da fenilalanina, ocorre no citoplasma, em que,
primeiramente, a fenilalanina transforma-se em 4cido trans-cindmico, para depois haver a
formag¢ao do AS; ja a rota do isocorismato ocorre no cloroplasto, em que o isocorismato pode
ser diretamente transformado em AS (Rekhter et al., 2019; Sharma et al., 2020). Apos ser
produzido, o AS se liga a proteinas regulatorias da familia NPR (NPR1, NPR3 e NPR4), se
translocando para o nticleo, ligando-se a fatores de transcri¢dao (TGAs) para transdugao de sinal,
aumentando assim a expressdo dos genes relacionados as repostas fisiologicas deste hormonio

(Zhang et al., 2006; Ding et al., 2018; Liu et al., 2020).

A aplicagdo exogena de AS mostrou-se eficaz em atenuar os efeitos deletérios do
estresse hidrico em diferentes espécies, como Triticum aestivum (Ahmad et al., 2021), Ocimum
basilicum (Damalas, 2019), Oryza sativa (Sohag et al., 2020), Mentha pulegium (Azad et al.,
2021) e Raphanus sativus (Henschel et al., 2022).

3.4 ACIDO ASCORBICO

O 4cido ascorbico (AsA) ¢ um antioxidante de baixo peso molecular, conhecido como

vitamica C, que funciona como um importante componente na divisdo e expansao celular, na
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eliminagdo nao-enzimatica das EROs, no crescimento das plantas e na tolerancia ao estresse
(Akram et al., 2017). AsA ¢ um cofator de enzimas que regula a biossintese de hormdnios,
contribuindo para modulagdo do metabolismo em plantas, além de controlar e eliminar
concentragdes de H>O» ao utilizar o ascorbato peroxidase (APX) (Lu e Guo, 2020; El-Beltagi
et al. 2022).

O AsA serve como um doador de elétrons especifico para o APX na conversao do H>O»
em H>O (Caverzan et al., 2012; Mellidou et al., 2021). O H>O> ¢ produzido durante fotossintese
e respiracdao, mas em condi¢des de estresses, ha a produgdo em excesso, causando danos aos
lipidios, acidos nucléicos e proteinas, acarretando em danos oxidativos, em disturbios
fisiologicos e morte celular prematura (Wang et al., 2013; Liu et al., 2019). O acimulo do AsA
na forma oxidada, que ocorre no apoplasto, auxilia a lignificacdo da parede celular e regula o
crescimento em condi¢des de estresse (Fotopoulos et al., 2006; Mellidou et al., 2021). A
propriedade redutora do AsA ocorre devido a porg¢ao entre os carbonos C2 e C3 emitirem dois

protons e elétrons, tornando-se um grupo dicetona do acido desidroascorbico (DHA) (Bilska et

al., 2019).

Nas plantas, o AsA pode ser formado através de varias vias, incluindo as vias D-glicose,
L-galactose, 4cido urdnico, L-gulose e mio-inositol, embora a L-galactose seja a principal via
de biossintese (Bulley e Laing, 2016; Mellidou et al., 2021). A sintese e regeneracdo de
ascorbato sdo influenciados pela qualidade e quantidade da luz, especialmente a luz vermelha,
assim o pool do ascorbato tem interacdo direta com as cadeias de transporte de elétrons da
fotossintese e respiratoria (Foyer e Noctor, 2011; Liao et al.; 2023). Estudos tém mostrado a
importancia da aplicagdo do AsA em plantas para mitigar os efeitos do estresse abiotico, tais
como Zea mays (Ghassemi et al., 2020), Capsicum annuum (Khazaei et al., 2020), Cicer
arietinum (El-Beltagi et al., 2022), Raphanus sativus (Henschel et al., 2023a) e Cucumis sativus
(Zahra et al., 2021).

3.5 CARNITINA

A carnitina ¢ um aminodcido sintetizado a partir da L-lisina e L-metionina, de ocorréncia
em animais, plantas, bactérias, leveduras e fungos (Bourdin et al. 2007; Dayanand et al. 2011;

Rippa et al. 2012). Nas plantas, a carnitina € encontrada na forma livre e esterificada, associada
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as vias anabolicas do metabolismo lipidico (Masterson e Wood 2000; Nguyen et al. 2016). Este
aminodcido participa dos processos de biossintese da membrana, do armazenamento de lipidios,
do metabolismo energético e hormonal, além de participar da exportacao de acidos graxos de
cadeia longa do cloroplasto, como cadeia longa de acilcarnitina, para entrar na mitocondria para
sofrer B-oxidagdo e participar na tolerancia ao estresse oxidativo (Masterson e Wood 2000;

Charrier et al. 2011; Oney-Birol 2019).

A B-oxidagdo ¢ o processo pelo qual os acidos graxos sao degradados em suas unidades
de acetil constituintes (Masterson e Wood 2009). Nas plantas, o papel bioldgico da B-oxidacao,
que ocorre nos peroxissomos e glioxissomos, ¢ fornecer precursores biossintéticos que se
originam de lipidios armazenados (Pan et al. 2019). A B-oxidagdo também tem importancia
durante a fase do crescimento vegetativo e crescimento reprodutivo, como desenvolvimento e
germinagdo de sementes (Goepfert e Poirier 2007), desenvolvimento do embrido e da flor, e na

sintese do acido jasmonico e acido indolecético (Pan et al., 2019).

A utilizagdo exdgena da carnitina pode auxiliar na sintese de lipidios que atuam no ajuste
de sistemas de membranas em condicdes de estresse (Santos et al., 2023). Estudos mostraram
a importancia da aplicacdo da carnitina para atenuar os estresses abioticos, tais como o estresse
salino em plantulas de Arabidopsis (Charrier et al., 2011), estresse salino em sementes de
Hordeum vulgare (Oney-Birol 2019) e estresse hidrico em Eruca sativa (Santos et al., 2022),
Raphanus sativus (Henschel et al., 2023b) e Eryngium foetidum (Santos et al., 2023).

3.6 Eryngium foetidum

Eryngium foetidum L., pertencente a familia Apiaceae, ¢ uma planta alimenticia ndo
convencional (PANC), popularmente conhecida no Brasil como chicoria-do-pard, coentro-
maranhao, coentrao e chicoria-da-Amazonia (Thomas et al., 2017; Rosero-Gomez et al., 2020).
Sua propagacdo ¢ via sementes ou por reaproveitamento de touceiras (Rodrigues et al., 2021).
As folhas de E. foetidum sao utilizadas na culinaria como condimento, por possuirem aroma e
sabor caracteristico, sendo o eringio, um aldeido alifatico, o responsavel por esta caracteristica

(QuynH e KuboTa, 2012; Rodrigues et al., 2021).

Esta espécie também ¢ utilizada na medicina popular para tratamento de enfermidades

do trato gastrointestinal, febre, cdlica, além de atuar como anti-inflamatodrio, anti-helmintico,
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analgésico, antibactericida e antileishmanicida (Rojas-Silva et al., 2014; Shavandi et al., 2012;
Lingaraju et al., 2016). Nesta perspectiva, alguns estudos tém mostrado o potencial
farmacologico de E. foetidum ao analisar os compostos bioativos, antioxidantes e perfil de 6leos

essenciais nela contidos (Sumitha et al., 2014; Leitao et al., 2020; Santos et al., 2023).

Conhecer a composicao dos bioativos nos vegetais ¢ importante devido a importancia
que eles possuem, ja que estdo associados a melhorias na saude, diminui¢do do risco de
desenvolvimento de doengas, além da importancia que possuem para a industria farmacéutica
(Rodrigues et al., 2021). Os compostos bioativos sdo importantes para a saide humana devido
os efeitos moduladores nas atividades fisiologicas ou celulares, pois uma das principais agdes
bioldgicas desses compostos esta relacionada a sua capacidade antioxidante de eliminar as

EROs e as espécies reativas de nitrogénio (Pokimica et al., 2019; Leitdo et al., 2020).

Dentre os compostos bioativos encontrados em E. foetidum, os 6leos essenciais, sao
substancias abundantes, com alto valor agregado, pois possuem potencial na industria
farmacéutica (Rodrigues et al., 2021; Rodrigues et al., 2022; Campos et al., 2023). O perfil
quimico dos 6leos essenciais desta espécie se caracteriza pela presencga de aldeidos aromaticos
e alifaticos, dentre os quais se destacam acido dodecanoico, E-2-dodecenal, acido trans-2-
dodecanoico, tetradecanal e (E)-2-tridecenal, encontrados em maiores quantidades nas folhas

dessa espécie (Rodrigues et al., 2021; Silalahi, 2021).
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4 CAPITULO I: EXOGENOUS CARNITINE APPLICATION ENHANCES THE
GROWTH OF CULANTRO (Eryngium foetidum) PLANTS
(Publicado na VEGETOS — https://doi.org/10.1007/s42535-022-00438-8)

Abstract

Carnitine is an amino acid that is common to all living organisms and is involved in energy
metabolism and stress tolerance in plants. In this context, the exogenous supply of carnitine
may affect lipid metabolism, and consequently, plant growth. Eryngium foetidum L. (culantro)
is a perennial herb with culinary and traditional medicinal uses owing to its chemical com-
position, which is rich in bioactive compounds. Considering the importance of E. foetidum and
the potential of carnitine to modulate energy metabolism in plants, we investigated if
exogenous application of carnitine can modulate the morphophysiological development of
culantro plants. Plants (57-d-old) were leaf sprayed with water (control), 100 uM carnitine,
and 10 mM carnitine. At 72 days after sowing, growth, photosynthetic pigment content, gas
exchange parameters, and chlorophyll a fluorescence were measured. Plants treated with 100
MM carnitine were taller, had greater leaf area, and higher biomass accumulation and allocation
to roots compared to the control. Carnitine reduced the maximum fluorescence and quantum
efficiency of PSII, but did not affect gas exchange parameters. Here, 100 uM carnitine
improved plant development and increased culantro yield. These results suggest that carnitine
has potential as a growth regulator in culantro and other crops. This study will be fundamental
to support future experiments on the practical use of carnitine as a bioregulator in plants as
well as further studies on the biochemical and molecular mechanisms involved in this
regulation.

Keywords: aromatic plant; bioregulators; culantro; carnitine; spiny coriander.

4.1 INTRODUCTION

Carnitine (B-hydroxy-y-trimethyl ammonium butyrate) is an amino acid synthesized
from L-lysine and L-methionine, naturally occurring in animals, plants, bacteria, yeast, and
fungi (Bourdin et al. 2007; Dayanand et al. 2011; Rippa et al. 2012), It is involved in energy and
hormone metabolism, as well as participates in oxidative stress tolerance and in the transport

of long-chain fatty acids from the cytosol to the mitochondrial membrane (Bourdin et al. 2007;
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Charrier et al. 2012; Oney-Birol 2019). Carnitine was initially identified in animals (Dayanand
et al. 2011); however, its presence has been observed in several plant species as well, including
cereals and legumes (Wood et al. 1992; Bourdin et al. 2007; Masterson and Wood 2009).
Although carnitine levels are 100 times lower in plants than in animals, studies have shown a link

between carnitine levels and lipid metabolism in plants (Bourdin et al. 2007; Oney-Birol 2019).

In animals, carnitine is responsible for lipid catabolism and acts as a cofactor in the
transport of activated fatty acids between peroxisomes and mitochondria for B-oxidation (Nguyen
et al. 2016). This fatty acid trafficking process is known as the carnitine transport system and
involves carnitine transferase and translocase activities (Steiber et al. 2004). Very long-chain,
branched-chain fatty acids, and medium-chain dicarboxylic acids are partially oxidized to
medium-chain fatty acids in peroxisomes and then exported to the mitochondria to complete [3-
oxidation (Nguyen et al. 2016). In plants, carnitine is present in free and esterified forms during
membrane biosynthesis and lipid storage processes and is associated with the anabolic pathways
of lipid metabolism (Nguyen et al. 2016). In addition, it participates in the transport of long-chain
fatty acids from the chloroplast, such as long-chain acylcarnitine, to the mitochondria, where they

undergo B-oxidation (Masterson and Wood 2000).

Considering the existence of medium and long-chain acylcarnitines, which confirms the
link between carnitine and fatty acid metabolism in vegetables (Nguyen et al. 2016), its
exogenous supply can help in the synthesis of lipids that help in the adjustment of membrane
systems under stress conditions. Charrier et al. (2012) applied carnitine to Arabidopsis thaliana
seedlings, which conferred a possible osmolytic action as well as a possible metabolic implication
in the recovery from salt stress. Exogenous application of carnitine reduces oxidative damage to
DNA and induces plant tolerance to abiotic stresses (Oney-Birol 2019). In addition, carnitine acts
by antagonistically modulating the abscisic acid (ABA) pathway because the intracellular
accumulation of carnitine leads to the modulation of ABA-responsive genes (Charrier et al.
2012).

Culantro (Eryngium foetidum L.), also known as spiny coriander, belongs to the Apiaceae
family and is a perennial herb native to Central America. It is extensively used as a condiment
and medicinal and aromatic plant in Vietnam, India, Mexico, China, and the Amazon region

(Shavandi et al. 2012; Singh et al. 2013). Among its compounds, (E)- 2-Dodecenal is the main
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compound responsible for the characteristic flavor of the species, and daucane is a sesquiterpene
with proven leishmanicidal activity (Rojas-Silva et al. 2014; Chandrika et al 2015). Culantro is
one of the main non-conventional vegetables grown in Brazil (Brazil 2010). This plant is
commonly used in folk medicine to treat burns, earaches, fever, hypertension, constipation,
seizures, asthma, stomach pain, worms, snake bites, diarrhea, cramps, and to stimulate appetite
(Shavandi et al. 2012; Singh et al. 2013). Despite the culinary and medicinal importance of this
species and the potential of carnitine to modulate energy metabolism in these plants, studies on
both are still scarce. The objective of this study was to evaluate the effects of exogenous carnitine

application on the morphophysiological development of E. foetidum plants.

4.2 MATERIALS AND METHODS

4.2.1 Experimental location and plant material

The experiment was conducted between September and December in a greenhouse
covered with a transparent film, with sunlight penetrating the experimental area of the Seedling
Production Laboratory of the Center for Human, Social and Agrarian Sciences, Federal
University of Paraiba, Bananeiras, Paraiba, Brazil (6° 45’ S, 35° 38" W, elevation of 526 m), at
an average temperature of 26.7 °C (20.1-33.7 °C) and relative humidity of 86% (AGRITEMPO
2022). Culantro seeds (E. foetidum) were donated by growers from local rural communities in
the municipality of Areia, Paraiba, Brazil (6° 57’ S, 35° 41" W, elevation of 623 m).

4.2.2 Plant growth and carnitine treatments

Seeds were sown in polyethylene bags (17 x 21 cm) containing a commercial substrate
(Mecplant®, Telémaco Borba, Brazil). The plants were transplanted into polyethylene bags (22
x 28 cm) and fertilized with NPK (4-14-8) (= 2 g per bag) 35 days after sowing (DAS). At 57
DAS, the plants were subjected to treatment with water (control), 100 uM carnitine, and 10 mM
of carnitine using hand sprayers every 2 days (57, 59, 61, 63, 65, 67, 69, and 71 DAS) until both
sides of each leaf were completely wet. The carnitine solution was prepared by dissolving it in
distilled water and adding the surfactant polysorbate 80 (0.03% (v/v); Tween-80®) to increase

adhesion.

4.2.3 Morphophysiological analysis
At 72 DAS, the growth parameters, photosynthetic pigment content, gas exchange



36

parameters, and chlorophyll a fluorescence were measured. To determine plant growth, shoot
height was measured with a graduated ruler and 10 plants were collected and separated into
shoots and roots using a scalpel and weighed to determine the fresh mass. The leaf area and
number of leaves were determined by image analysis using the ImageJ software. After
morphological measurements, shoots and roots of the culantro plants were oven-dried at 65 °C
until a constant weight was reached to determine their dry weight. The shoot to root ratio was
calculated as the dry weight of the shoots divided by the dry weight of the roots.

The levels of photosynthetic pigments were determined according to Wellburn (1994)
with some modifications. Five discs (1 cm? each) from fully expanded leaves of five plants per
treatment were incubated for 48 h in the dark with 5 mL of dimethyl sulfoxide (Santos et al.
2008). The absorbance of the extract was then measured at 480, 649, and 665 nm using a
spectrophotometer (GTA-96 UV-VIS, Global Trade Technology, Sao Paulo, Brazil). The levels
of chlorophyll aand b, chlorophyll a/b ratio, total chlorophyll content, and total carotenoids were

determined.

Gas exchange parameters of the fully expanded leaves of five plants per treatment were
measured using an open-flow gas exchange infrared gas analyzer (LCpro-SD Portable
Photosynthesis Measurement System, ADC BioScientific, Hod- desdon, UK) between 08:00 and
09:00 h. The conditions in the leaf chamber consisted of a reference CO? concentration of 400
umol CO2 mol™! and photosynthetically active radiation of 1000 pmol m™2 s™! with 10% blue
light. Additionally, net carbon assimilation rate (A) and stomatal conductance (gS) were

determined.

Chlorophyll a fluorescence of the fully expanded leaves of five plants per treatment was
determined using a portable fluorometer (OS-30p +; Opti-Sciences, Hudson, NY, USA) between
08:00 and 09:00 h. Leaves were dark-adapted for 30 min, and then the minimum chlorophyll a
fluorescence in the dark-adapted state (Fo), maximum chlorophyll a fluorescence in the dark-

adapted state (Fw), and the maximum quantum yield of PSII (Fv/Fm) were measured.

4.2.4 Experimental design and statistical analysis
The experimental design was completely randomized with three treatments (control, 100

UM carnitine, and 10 mM carnitine) and 13 replicates, and each experimental unit was composed
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of one bag with one plant. The data were tested for normality and homogeneity by subjecting it
to analysis of variance, and the means were compared by Duncan’s test (P < 0.05) using Genes
software (Cruz 2016). The distance between the treatments was determined using canonical
discriminant analysis in a biplot graph. The treatments were separated into different groups using
the Tocher optimization method and generalized squared interpoint distance of Mahalanobis
(D2). The grouping quality was evaluated using the co-optical correlation coefficient (r). The
relative contribution of each variable to discriminate treatments was quantified using Singh’s

(1981) criterion.

4.3 RESULTS

Analysis of variance revealed a significant effect of carnitine treatment on leaf area, plant
height, root fresh mass, leaf fresh mass, root dry mass, leaf dry mass, shoot/root ratio, Fm, and
Fv/Fm (Table 1).

Plants treated with 100 pM carnitine were taller and had greater leaf area than the control
and plants treated with 10 mM carnitine, which did not differ from each other (Figs. 1 and 2A,
B). The accumulation of fresh and dry mass in the roots and shoots was significantly higher in
plants treated with 100 uM carnitine than in those under other treatments (Figure 2C—F). This
result was confirmed by the fact that 100 uM carnitine increased the root mass by 147%, while
the leaf mass increased only by 108%. In contrast, 10 mM carnitine did not alter biomass
allocation compared to the control. However, both carnitine concentrations. significantly reduced
the maximum fluorescence (FM) and quantum efficiency of PSII (Fv/Fm) compared to the

control, but did not differ from each other (Figure 2H, 1).

Canonical discriminant analysis showed that the first two canonical variables explained
100% of the variability among the treatments, allowing for a two-dimensional scatter plot
representation (Figure 3B). The treatments were separated into two groups: group 1 (blue circle),
corresponding to 100 puM carnitine treatment, and group 2 (red circle), corresponding to the
control and 10 mM carnitine treatment. The relative contributions of the 18 original variables
showed that leaf fresh mass, root fresh mass, root dry mass, and leaf dry mass contributed the
most, accounting for 31.9%, 18.8%, 16.6%, and 9.1% of the total variance, respectively (Figure
3C).
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Table 1 Summary of the analysis of variance of morphophysiological variables in culantro (Eryngium foetidum
L.) plants after 72 days of treatment with different carnitine concentrations: 0 (control), 100 uM, and 10 mM

Variable p-value Coefficient of variation (%)
Leaf area 4.29* 52.51
Number of leaves 100.00 ns 20.94
Plant height 0.53** 16.92
Root length 12.72 ns 23.19
Root fresh mass 2.31* 63.49
Leaf fresh mass 4.76* 58.48
Root dry mass 2.24* 57.19
Leaf dry mass 4.98* 54.91
Shoot/root ratio 4.17* 11.75
Fo 18.05 ns 5.76
Fm 3.10* 12.68
Fv/Fm 2.36* 1.35
A 100.00 ns 13.46
Os 31.85ns 12.11
Chlorophyll a 100.00 ns 11.54
Chlorophyll b 5.47 ns 11.80
Total chlorophylls 24.20 ns 11.28
Total carotenoids 100.00 ns 10.59

" = Non-significant at a 5% probability; * and ** imply significance at 5% and 1% probability levels,

respectively, based on the F test
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Figure 1 Growth of culantro (Eryngium foetidum L.) plants after 72 days of treatment with different carnitine
concentrations: 0 (control), 100 uM, and 10 mM
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Figure 2 Morphophysiological parameters in 72-d-old culantro (Eryngium foetidum L.) plants treated with different
carnitine concentrations: 0 (control), 100 uM, and 10 mM (FM: maximum fluorescence; Fv/Fm: PSII maximum
quantum yield). Values represent means + standard error (n = 5). Values with same letters do not differ significantly
(Duncan’s Multiple Range Test; P > 0.05).
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Figure 3 Growth and canonical variables obtained from original variables in 72-d-old culantro (Eryngium foetidum

L.) plants treated with different carnitine concentrations: 0 (control), 100 uM, and 10 mM. A Top view of the

plants; B Biplot showing the mean scores for the carnitine treatments. Axes represent the first two canonical

variables—Canl and Can2. The ellipses represent the groups formed using Singh’s (1981) method; C Relative

contributions of original variables to the canonical variable.

4.4 DISCUSSION

Although carnitine has been recently identified in the plant kingdom (Wood et al. 1992),

little data about its role in plant growth have been reported to date, and data about its role in

culantro is not available. Thus, we tested the effect of carnitine at a low (100 uM) and a high

concentration (10 mM), in order to verify whether the effects of this compound would be

signaling as a growth regulator, or nutritional by providing the amino acid. Here, 100 uM

carnitine treatment improved the development of culantro plants and increased the biomass

production of both shoots and roots. Similar results were found for maize seedlings. in which 25
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MM carnitine treatment increased the over- all growth (Turk et al. 2020). In addition to the overall
increase in culantro growth, 100 M carnitine altered biomass allocation, with more biomass
being allocated to roots instead of leaves. These responses may occur due to the stimulatory effect
of carnitine on root growth (Turk et al. 2020).

Culantro leaves are consumed because of their flavor conferred by the essential oils;
hence, the aerial part of this species is of interest. Thus, as the application of 100 uM carnitine
increased the leaf area and mass, it can be assumed that this treatment increased the culantro
yield. In maize seedlings, carnitine treatment increases plant growth and leaf area owing to higher
photosynthetic capacity (Turk et al. 2020). A similar result was found in this study, where 100
MM carnitine increased leaf area by 113%. However, no difference was found in carbon
assimilation, suggesting that the increased plant growth was due to another mechanism, such as

increased mitochondrial respiration and nitrogen assimilation (Turk et al. 2020).

Chlorophyll fluorescence measurements represent the activity of photosystems and are
widely utilized to assess the physiological status of plants (Kalaji et al. 2014). When dark-adapted
leaves are exposed to a saturating light pulse, fluorescence increases from a minimum (Fo) to a
maximum level (Fm), with the Fv/Fwm ratio providing an estimate of the maximum quantum yield
of the primary photochemistry of PSII (Schansker et al. 2014; Tsimilli-Michael 2020). Thus, the
reductions in Fm and Fv/Fum caused by carnitine treatment suggest a low photochemical capacity,
either due to thereduced pool of quinone A or the inability of PSII acceptors to be fully reduced
(Goltsev et al. 2016).

Carnitine treatment increases unsaturated fatty acid levels and decreases saturated fatty
acid levels, thereby altering plasma membrane fluidity (Los et al. 2013; Turk et al. 2019).
Considering that carnitine acts as a cofactor in the transfer of fatty acids between peroxisomes
and mitochondria (Nguyen et al. 2016), it is possible that the higher concentration of carnitine
used in this study altered membrane integrity, and consequently, the functionality of chloroplasts
and energy metabolism, resulting in reduced growth and chlorosis and shrinking of the leaves
(Figure 3A). This was further supported by the separation of treatments into two groups (Figure
3B), indicating that carnitine application at low concentration (group 1) enhanced culantro
growth; however, plants treated with 10 mM carnitine did not differ from the control (group 2),

showing that the high concentration was not effective to nutritionally supply culantro plants.
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Considering the role of carnitine in plant defense, mainly through the induction of
osmoregulation and antioxidant defense (Charrier et al. 2012; Jacques et al. 2018; Oney- Birol
2019; Turk et al. 2020), lower culantro growth under high carnitine levels may be a result of the
inherent trade-off between growth and plant defense, in which the induction of defense
mechanisms requires high energy input that could otherwise be used to enhance growth (Kudo
et al. 2019). In addition, carnitine is linked to fatty acid metabolic pathways (Bourdin et al. 2007,
Oney-Birol 2019), which are essential for energy storage, cell structure, and signal transduction
(Frank et al. 2015). In this context, carnitine presents high potential as a growth regulator in

culantro, with the possibility of being applied to other species as well.

4.5 CONCLUSIONS

Carnitine has been reported as a modulator of plant metabolism and defense against
abiotic stresses. Here, 100 uM carnitine was effective in enhancing culantro growth under non-
stressful conditions, mainly through the modulation of root growth. In addition, the effect of
carnitine was dose-dependent, as its high concentration (10 mM) did not alter growth. This
indicates that carnitine is a potential growth regulator in culantro and probably in other crops too.
Further studies are still required to understand the biochemical and molecular mechanisms
involved in carnitine regulation in plants, but our results in culantro can serve as a basis for other

studies on the practical use of carnitine as a bioregulator.
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5 CAPITULO II: WATER STRESS AND EXOGENOUS CARNITINE ON
GROWTH AND ESSENTIAL OIL PROFILE OF ERYNGIUM FOETIDUM L.
(Publicado na 3 Biotech — https://doi.org/10.1007/s13205-023-03757-y)

Abstract

Water stress influences plant growth and metabolism. Carnitine, an amino acid involved in lipid
metabolism, has been related to responses of plants to abiotic stresses, also modulating their
metabolites. Culantro (Eryngium foetidum L.) is a perennial herb, rich in essential oils, native
to Latin America, commonly used due to its culinary and medicinal properties. Here, we
investigated the effect of exogenous carnitine on morphophysiology and the essential oil
profile of culantro plants under water stress. For this, plants were grown under three water
conditions: well-watered, drought stress, and re-watered; and sprayed with exogenous
carnitine (100 uM) or water (control). Culantro growth was impaired by drought and enhanced
by re-watering. Carnitine, in turn, did not reverse drought effects on growth, and impaired the
growth of re-watered plants, also improving photosynthetic pigment content. Water conditions
and carnitine application changed the essential oil profile of the plants. Drought and re-
watering improved the production of eryngial, which was even increased with exogenous
carnitine in re-watered plants. In addition, hydroquinone was only produced with the
combination of re-watering and carnitine application. The application of exogenous carnitine
can be a strategy to induce the production of essential oil compounds with cosmetic and

pharmaceutical importance in culantro.

Keywords: culantro; drought stress, medicinal plants; re-watering; secondary metabolites profile;

sesquiterpenes.

5.1 INTRODUCTION

Water stress is a main environmental factor affecting the morphophysiology and
production of plants (Liang et al. 2019; Soares et al. 2022). Thus, plants have strategies to
prevent water loss in order to maintain optimal water balance, such as stomatal closure,
osmoregulation, reactive oxygen species (ROS) scavenging, and production of secondary
metabolites (Gupta et al. 2020), the latter are organic molecules produced by plants, classified
into alkaloids, phenolics, and terpenoids (Takshak and Agrawal 2019). These compounds act

as chemical regulators and messengers in plants, playing a fundamental role in fertilization,
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defense against pathogens and herbivores, and tolerance to abiotic stresses (Bottger et al. 2018).
Due to their aromatic and therapeu tic properties, they are used for dyes, medicines, artificial

flavoring products, nutraceuticals, perfumes, among others (Wink 2015; Kulak et al. 2019).

Culantro (Eryngium foetidum L.) belongs to the Apiaceae family and is a perennial herb
native to Central America, with autogamous characteristics and propagation mainly through
seeds (Singh et al. 2014; Rodrigues et al. 2022). This species is commonly used in folk medicine
to treat burns, earaches, fever, hypertension, constipation, asthma, stomach pain, worms,
diarrhea, rheumatism, cramps, and to stimulate appetite (Shavandi et al. 2012; Singh et al. 2013;
Rodrigues et al. 2022). Culantro is widely used as a flavoring condiment in foods, having great
relevance for the Amazonian food culture (Rodrigues et al. 2022), also having impact on human
health, inhibiting the growth of pathogenic bacteria, such as Helicobacter pylori, showing anti-
leishmanial activity against Leishmania tarentolae and L. donovani, and being effective against
trypanosomes, nematodes, and fungi (Paul et al. 2010; Jaramillo et al. 2011; Rojas-Silva et al.
2014; Mabeku et al 2016). Furthermore, culantro is rich in essential oils stored on its secretory
ducts (Bhavana et al. 2013; Rodrigues et al. 2020, 2022), with a characteristic flavor and aroma
due an aliphatic aldehyde called eryngial ((E)-2-dodecenal), which is present mostly on the
leaves (Quynh and Kubota 2012; Rodrigues et al. 2020).

Mitigation strategies can be used to attenuate water stress in plants (Sai et al. 2016). The
application of bioregulators, such as amino acids like proline (Ami et al. 2020; Santos et al
2022a), arginine (Nargesi et al. 2022), and carnitine (Charrier et al. 2012; Turk et al. 2019a, b;
Santos et al. 2022b), has been studied. Carnitine is a quaternary ammonium compound involved
in metabolic functions like energy metabolism and stress tolerance (Charrier et al. 2012). This
amino acid participates in the degradation of triglycerides to fatty acids and their transportation
into mitochondria, stimulating respiration, being essential for energy storage, cell structure, and
signal transduction (Bourdin et al. 2007; Frank et al. 2015; Oney-Birol 2019; Turk et al. 2019a,
b). In addition, exogenous carnitine has been pointed as a bioregulator, modulating plant growth
under non-stressful conditions (Charrier et al. 2012; Santos et al. 2022c) and mitigating
moderate water stress in plant species, such as arugula (Santos et al. 2022b) and radish
(Henschel et al. 2023). This way, the objective of this study was to evaluate the action of
carnitine on growth, morphophysiology and the essential oil profile of culantro plants under

water stress.
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5.2 MATERIALS AND METHODS

5.2.1 Experimental location and plant material

The experiment was conducted between January and May 2022, in a greenhouse
covered with transparent film, located in the experimental area of the Seedling Production
Laboratory of the Center for Human, Social and Agrarian Sciences/Federal University of
Paraiba (CCHSA/UFPB), in Bananeiras, Paraiba, Brazil (6° 45’ S, 35° 38' W, elevation of 526
m). Culantro seeds (E. foetidum) were, donated by growers from local rural communities in the
municipality of Areia, Paraiba, Brazil (6° 57" S, 35° 41’ W, elevation of 623 m).

5.2.2 Irrigation and bioregulators treatments

The culantro seeds were sown in trays containing 200 cells. At 35 days after sowing
(DAS), when plants presented four fully expanded leaves, they were transplanted to
polyethylene bags (22 x 28 cm) containing commercial substrate (Mecplant®, Telémaco Borba,
Brazil). The bags were irrigated until 100% bag capacity (BC) for fifteen days. 50 DAS, the
plants were subjected to the treatments: well-watered (80% BC), drought (40% BC), and re-
watered (12 days without irrigation with subsequent irrigation with 80% BC, with the
application of water (control) or 100 uM carnitine (L-carnitine, Growth Supplements, Tijucas,
Brazil) (Santos et al. 2022c), using hand sprayers every 6 days (50, 56, 62, 68, 74, 80, 86, 92,
and 98 DAS). The duration of water restriction of 12 days was established based on previous
survival tests. Carnitine solution was dissolved in distilled water with addition of the surfactant
polysorbate 80 (Tween-80®, 0.03%) (v/v) to increase adhesion to the leaves.

5.2.3 Morphophysiological analysis

At 100 DAS, photosynthetic pigments content, gas exchange parameters, and
chlorophyll a fluorescence were measured, and 102 DAS growth parameters were measured.
The leaf area, number of leaves, specific leaf area, and root length were determined through
image analysis using the software ImageJ (Abramoff et al. 2004). Five plants were collected
and separated into shoots and roots using a scalpel and weighed for the determination of the
fresh mass. After morphologic measurements, shoots and roots of culantro plants were oven-
dried at 65 °C until a constant weight to determine their dry weight. The shoot/ root ratio was
determined as the dry weight of shoots divided by the dry weight of roots. The total biomass

was determined as the sum of dry weight of shoots and roots.
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Gas exchange measurements were performed using an open-flow gas exchange
system infrared gas analyzer (IRGA, LCpro-SD Portable Photosynthesis System, ADC
BioScientific, Hoddesdon, UK). The analyses were made on fully expanded leaves of five
plants per treatment between 8 and 11 h a.m. The conditions in the leaf chamber consisted of
an ambient temperature and reference CO2 and artificial photosynthetically active radiation of
1000 umol m 2 s™! with 10% blue light. The net carbon assimilation rate (A, umol CO, m™
s1), stomatal con ductance (gs, mol H,O m2 s™!), internal CO. concentration (Ci, mmol CO>
mol ! air) and leaf transpiration rate (E, mmol H,O m™ s™!), and water use efficiency (A/E),
carboxylation efficiency (A/Ci) were determined. Light response curves of photosynthesis were
studied by varying photosynthetic photon flux density (PPFD) from 0 to 1800 mol m= s'.
Light response curve measurements were made on fully expanded leaves of three plants per
treatment between 8 and 11 h a.m. From light response curves, were calculated the following
parameters: dark respiration (Rgar) (Umol m™2 s7'), apparent quantum yield (mol/mol), light
compensation point (LCP) (umol m m~2 s7!), maximum gross assimilation rate (Amax) (umol
m~2 s, and light saturation point (LSP) (umol m™2s™).

Levels of photosynthetic pigments were determined according to Santos et al. (2008),
with modifications, following the equation of Wellburn (1994). For this, four disks (1 cm2)
from fully expanded leaves of four plants per treatment were incubated for 48 h in dark
conditions with 7 mL dimethyl sulfoxide (Santos et al. 2008). Then, the extract was read at 480,
649, and 665 nm using a spectrophotometer (GTA-96 UV-Vis, Global Trade Technology, Sdo
Paulo, Brazil). The levels of chlorophyll a, chlorophyll b, chlorophyll a/b ratio, total
chlorophylls, and total carotenoids were determined. The relative water content (RWC) was
determined according to Barrs and Weatherley (1962), with modifications. Ten leaf disks (1
cm?) were collected from fully expanded leaves of five plants per treatment and immediately
weighed (fresh mass, FM). The disks were incubated for 6 h in distilled water, weighed for
turgid mass (TM), and oven-dried at 65 °C for 24 h for dry mass (DM) determination. RWC
was calculated as [(FM-DM)/(TM-DM)] x 100, and expressed as a percentage (%).

5.2.4 Microextraction of essential oils
Approximately 500 mg of leaves were collected and stored at -18 °C in test tubes with
a screw cap, following Castro et al. (2020), with modifications. After freezing, 1 mL methanol

was added to each sample. To accelerate the extraction process, samples were immersed in an
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ultrasonic bath (Ultra Cleaner 800, UNIQUE) at 40 kHz and room temperature for 10 min.
Subsequently, the supernatant was filtered through a sterile cotton wick. Resulting samples of

1 uL clear solution containing the extracted oils were analyzed by gas chromatography.

5.2.5 Qualitative analysis of essential oils

Qualitative analysis of essential oils was carried out on a gas chromatographer coupled
to a mass spectrometer (GCMS- QP2010 Plus; Shimadzu, Kyoto, Japan) and an Rtx-5MS®
column (Restek, Bellefonte, PA, USA) of 30 m x 0.25 mm, with three technical replicates. The
initial oven temperature was 50 °C, where it was maintained for 3 min, followed by an increase
of 6 °C min—1 to 240 °C. The injector was operated in split mode (1:10) at 240 °C, and the
interface and mass detector were operated at 250 °C.

Helium was used as the carrier gas, with a flow of 1.69 mL min~'. The constituents were
identified by com paring the obtained mass spectra with those of the NIST 9.0 database
(correlation > 95%) and confirmed by the corresponding retention index (Kovats Index)

compared to published data.

5.2.6 Experimental design and statistical analysis

The experiment was in a completely randomized design, in a 2 x 3 factorial scheme
(carnitine application x water condition) with two simultaneously repetitions, ten replicates for
each combination of water level and carnitine treatment, and the experimental unit composed
by one bag with one plant each. For all the analyses, sampling was done through a draw to
ensure randomization. The model used for the analysis of variance was: Yijk = u + Wi + Cj +
(WC) ij + Eijk; where: Yijk = are the observations of the dependent variables, x = the overall
mean effect, Wi = effect of the level ith of water factor, Cj = effect of the level ith of carnitine
factor, (WC) ij = effect of the interaction ijth water level x carnitine, and Eijk = random error
component. The data were tested for normality and homogeneity using the Shapiro—Wilk and
Bartlett tests, respectively, subjected to analysis of variance, and the means compared by
Tukey’s test (P < 0.05) using the Genes software (Cruz 2016).

Volatiles profile data were submitted to multivariate analysis. The distance between the
treatments was determined using canonical discriminant analysis in a three-dimensional scatter
plot. The treatments were separated into different groups using the Tocher optimization method

and generalized squared interpoint distance of Mahalanobis (D2). The grouping quality was
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evaluated using the co-optical correlation coefficient (r). The relative contribution of each
variable to discriminate treatments was quantified using Singh (1981) criterion.

5.3 RESULTS

5.3.1 Drought and exogenous carnitine modulate morphophysiology of culantro
plants

Water levels and carnitine application affected most mor- phophysiological parameters
(Online Resource 1, Supplementary Table 1), with drought stress affecting overall plant growth
(Figure 1a). Re-watered plants doubled leaf dry and fresh mass, root dry and fresh mass, and
total biomass compared to well-watered plants (Figure 1b—f). Carnitine application increased
the shoot/root ratio of re-watered compared to well-watered and drought plants. Similarly, in
control plants, the highest shoot/root ratio occurred upon re-watering (Figure 1g).

Drought increased root length and decreased the leaf area and number of leaves
compared to the well-watered and re- watered plants (Figure 2a—c). Re-watered treatment
doubled the number of leaves and leaf area compared to well-watered treatment; however, these
increases were reversed by carnitine application. There was no difference among treatments for

specific leaf area (Figure 2d).

The application of carnitine increased the content of chlorophyll a, total chlorophylls,
and total carotenoid in the well-watered plants, and chlorophyll a and total carotenoids
in re-watered plants. In contrast, carnitine reduced chlorophyll a in drought stressed plants
compared to the control (Figure 3a—d). There was no difference among the treatments for carbon
assimilation rate, stomatal conductance, internal CO> concentration, and carboxylation
efficiency (Figure 4a—d). Carnitine application increased respiration in the dark in re-watered
treatment, but not in well-watered and drought (Figure 4e). Similarly, carnitine increased the
LCP in re-watered and drought, but not in well-watered plants (Figure 4f).

5.3.2 The essential oil profile of culantro is modified by drought and applying

carnitine

The water levels and the addition of carnitine significantly altered two of the main
compounds detected: hydroquinone and eryngial (Online Resource 1, Supplementary Table 1).
The first three canonical variables explained 94.1% of the variability among the treatments

based on the essential oils profile, allowing for a three-dimensional scatter plot representation
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(Figure 5a). The treatments were separated into four groups: group 1 (green circle), well-
watered plants; group 2 (red circle), well-watered and drought control plants; group 3 (blue
circle), drought plants with carnitine application; and group 4 (yellow circle) re-watered plants

with carnitine application.

The relative contributions of the original variables showed that eryngial and
hydroquinone were the most prominent compounds, contributing 38.13% and 24.81,
respectively, to the total variance (Figure 5b). Drought and re-watering augmented eryngial
content, compared to well-watered plants. In the re-watered, the application of carnitine even
increased this compound (Figure 5c¢). Hydroquinone,in turn, was only detected in re-watered
plants treated with carnitine (Figure 5d).
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of five replicates, and bars represent the standard error. Means followed by the same letter do not differ by Tukey’s
test (P < 0.05). Capital letters compare water conditions within carnitine levels, and lowercase letters compare

between carnitine and control within each water condition.
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Figure 4 Gas exchange parameters of 100-day-old Eryngium foetidum L. plants sprayed with water or carnitine,
and grown under different water conditions. A, net carbon assimilation rate (a); gs, stomatal conductance (b); E,
evapotranspiration rate (c); A/E, water use efficiency(d); Ci, internal CO, concentration (e); A/Ci, carboxylation
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between carnitine and control within each water condition.
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Figure 5. Essential oil profile of 102-day-old Eryngium foetidum L. plants sprayed with water or carnitine, and
grown under different water conditions. 3D scatter-plot of the first three canonical variables (% total variance
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assembled into the same group by the Tocher optimization method andthe generalized squared interpoint
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+ water application, RW-CA: re-watered + carnitine application) (a); Relative contributions of the original
variables, calculated using the Singh method,to the canonical variables (b); production of eryngial (c); and
production of hydroquinone (d). Means followed by the same letter do not differ by Tukey’s test (P <0.05). Capital
letters compare among waterconditions, and lowercase letters compare between carnitine and control within each

water condition

5.4 DISCUSSION

Water is important for plant growth and food production; thus, it is essential to

comprehend plant responses under drought conditions to increase crop production (Henschel et
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al. 2022). Here, the aerial part growth of culantro plants was impaired by drought and increased
by re-watering, while root growth was increased by drought (Figure 1). Drought induced
reductions in cell division and turgor are responsible for the decrease in leaf area (Tardieu et al.
2014); however, even under water stress, plants can maximize water uptake from the soil by
increasing the root growth, which is one of the main survival strategies of plants under drought
conditions. During periods of water scarcity, the root system undergoes morphological changes
to enhance its ability to absorb water and nutrients, such us deeper roots due increased root
growth rate and greater lateral root growth, and these modifications can be attributed to
coordinated cell division, elongation, and differentiation events in the root apex (Lynch et al.
2018; Dinneny 2019; Gupta et al. 2020). Here, there probably were changes in cell division and

differentiation, as evidenced by the increase in root length.

Re-watering increased the number of leaves and leaf area, which increased the
photosynthetic capacity of plants, increasing the fresh and dry mass (Figures. 1, 2, 4). This
increase in plant growth after a period of water stress followed by re-watering is an important
plant survival strategy, since enhances its adaptation to drought (Sun et al. 2016; Gupta et al.
2020). Here, carnitine not increased root mass (Figure 1), unlike reported by Lelandais-Briére
et al. (2007) and Santos et al. (2022c), in which carnitine application increased root density and
growth in Arabidopsis and culantro, respectively. Re-watering altered the shoot/root ratio of the
plants compared to drought, leading to more biomass allocated to shoots than roots (Figure 1).
Rapid leaf growth after re-watering is essential to maximize light capture and, consequently,

biomass accumulation (Xu and Zhou 2006; Toscano et al. 2014).

The fact that drought reduce leaf growth, resulting in a higher cell density per area (Ren
et al. 2019), can explain the increase in pigment levels under this condition. Carnitine
application increased the photosynthetic pigments content in well-watered and re-watered
(Figure 3), showing that this compound can act in the signaling of the synthesis pathways of
these pigments within the chloroplast. Increased dark respiration in re-watered + carnitine
(Figure 4g) may have occurred due the transport of acyl-CoA to mitochondria during
gluconeogenesis, which is mediated by carnitine. This process increases plant respiration,
which can contribute to the recovery of growth and regeneration (Steiber et al. 2004). This
higher respiration caused by carnitine application also increased LCP, indicating lower light
use efficiency (Song et al. 2015).
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Secondary metabolites are responsible for plant adaptation and survival, especially
under unfavorable conditions (Takshak and Agrawal 2019). Plants modulate their secondary
metabolism in response to stress factors, which can improve the quality of medicinal and
aromatic plants (Szabo et al. 2017; Costa et al. 2020). Culantro is recognized by its aroma, given
by the essential oils (Singh et al. 2014). Water stress induces changes in the profile of essential
oils in culantro, and the application of carnitine in these plants under drought induced further
qualitative changes in the composition of volatiles (Figure 5a, b). The compounds that
contributed the most to the difference among these profiles were eryngial and hydroquinone
(Figure 5b—d). Amino acids have been reported to alter the profile of secondary metabolites in
plants, as demonstrated by Talaat et al. (2014), where the application of tyrosine and
phenylalanine resulted in qualitative differences in the essential oils in Ammi visnaga. Amino
acids participate in the synthesis of other compounds, such as proteins, vitamins, enzymes, and
terpenoids. The canonical discriminant analysis showed that watering treatment and carnitine
application interact to determine the essential oil profiles of the culantro plants (Figure 5a).
Martins et al. (2003) and Chandrika et al. (2015) found different profiles of essential oils in
culantro depending on the geographic location where it was collected, showing that ambient
conditions influence the composition of these compounds. Rodrigues et al. (2020) also reported
that mineral fertilizer composition can change the essential oil composition in the leaves and

roots of culantro.

Here, drought and re-watering increased the production of eryngial, which is the major
component of culantro essential oil (Darriet et al. 2014; Thomas et al. 2017; Rodrigues et al.
2020). Eryngial is an aliphatic and aromatic aldehyde with antibacterial activity and responsible
for the flavor and aroma of culantro and other plants (Abiko et al. 2020; Kara- kaya et al. 2020).
In addition, it has anthelmintic, antibacterial, and anti-inflammatory activity, being
characterized as a yellowish oil with a pungent odor (Paul et al. 2011; Forbes et al. 2014).
Considering that aldehydes, such as eryngial, are derived from a- or B-oxidation of fatty acids
(Bridgemohan et al. 2021), and that carnitine is involved in fatty acids catabolism (Bourdin et

al. 2007), it may explain the increase in eryngial upon carnitine application found here.

Besides, in re-watered plants, carnitine induced the pro- duction of hydroquinone, which
IS an aromatic phenolic compound derivative from benzene (Cabrera-Alonso et al. 2019; Sun

et al. 2021). Hydroquinone is used in the production of antioxidants, agrochemicals, and
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photographic paper (Jeyanthi et al. 2021). In the cosmetic industry, it is also used as a skin
lightener and to treat hyperpigmentation, such as melasma, freckles, senile lentigines, and
chloasma (Elferjani et al. 2017). Furthermore, it also shows antibacterial activity against
Staphylococcus aureus and Pseudomonas aeruginosa (Ma et al. 2019; Jeyanthi et al. 2021).
Hydroquinone has been found in some plant species, such as Majorana hortensis,
Arctostaphylos uva-ursi, Vaccinium vitis idaea, Pyrus communis, and Ecdysanthera rosea (Zhu
et al. 2010; Rychlinska and Nowak 2012). However, here we report the presence of
hydroquinone in culantro for the first time. It is noteworthy that this compound only appeared
with the specific combination of re-watering with carnitine application. The carnitine
metabolism in plants and its relation with secondary metabolites are still unclear, but here the
application of this amino acid increased the production of eryngial and promoted the production
of hydroquinone, indicating that this compound may be related to secondary metabolites

pathways.

5.5 CONCLUSION

Culantro plants increase biomass when subjected to a period of drought followed by
rehydration. Foliar application of carnitine leads to changes in the synthesis of photosynthetic
pigments and essential oil profile, including the induction of hydroquinone production when
this application is combined with re-watering. The application of exogenous carnitine can be a
strategy to induce the production of essential oil compounds of cosmetic and pharmaceutical
importance in culantro. However, more research is needed to understand the action of carnitine

in the production of secondary metabolites in plants.
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6 CAPITULO III: ASCORBIC ACID MEDIATED MITIGATION OF DROUGHT
EFFECTS ON GROWTH, PHYSIOLOGY, AND ESSENTIAL OIL PROFILE IN
CULANTRO (Eryngium foetidum 1..)

(Publicado na VEGETOS — https://doi.org/10.1007/s42535-024-00880-w)

Abstract

The negative effects of drought can be reduced by the application of ascorbic acid (AsA), an
important non-enzymatic antioxidant in plants. Culantro (Eryngium foetidum L.) is a perennial
leafy herb rich in essential oils, used in both culinary and traditional medicine. In this study,
we assessed the action of AsA on the growth, morphophysiology, and essential oil profile
of culantro plants under water stress. For this purpose, plants were cultivated under well-
irrigated and drought conditions, and sprayed with AsA (100 uM) or water (control). Drought
reduced growth and F/FM, and increased transpiration and pigment concentration. AsA, on
the other hand, restored pigment concentration to non-stress conditions. Furthermore, drought
and exogenous AsA led to changes in the essential oil profile. The application of AsA and
drought modulated qualitatively the essential oil profile in culantro, with dodecanal being the
compound that most contributed to this profile separation. Thus, the application of 100 pM
AsA is a possible strategy for modifying the production of compounds in culantro. This is the
first report that exogenous AsA and drought affect the growth and essential oil composition of
culantro. These results offer new insights and contribute to understanding the effects of AsA
on drought mitigation, as well as its modulation of the essential oil profile in aromatic plant
species.

Keywords: antioxidant; aromatic plant; bioregulator; dodecanal; medicinal species.

6.1 INTRODUCTION

Drought, the most common climatic constraint, is characterized by water scarcity, high
temperatures, and elevated evaporation rates (Raza et al. 2019; Bandurska 2022). In agriculture,
drought’s impact intensifies due to water scarcity and increasing food demand driven by
population growth (Seleiman et al. 2021). Drought reduces cellular water content, negatively
impacting plant physiology, morphology, and biochemistry. It triggers stomatal closure,
diminishing CO2 absorption, disrupting photosynthesis, and elevating reactive oxygen species
(ROS) concentrations (Claeys 2013; Muthoni and Kabira 2016; Nasir and Toth 2022). Plants
employ mechanisms, including enhanced root development and the prowduction of antioxidants,
to mitigate water stress damage (Bandurska 2022; Nasir and Toth 2022). Techniques like
exogenous application of biostimulants, such as ascorbic acid, can be employed to alleviate
drought effects (Henschel et al. 2023).

Ascorbic acid (AsA) is a water-soluble, non-enzymatic antioxidant molecule capable of

controlling and eliminating hydrogen peroxide (H202) concentrations using ascorbate peroxidase
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(APX) (Malik et al. 2015; El-Beltagi et al. 2022). AsA serves as a cofactor for enzymes that
regulate hormone biosynthesis, contributing to the modulation of plant metabolism (Oliveira et
al. 2020). Thus, the negative impacts of drought can be reduced through the exogenous
application of AsA (Khazaei and Estaji 2020; Naz et al. 2022).

Some plants are rich in phytochemicals such as essential oils, flavonoids, and coumarins,
as exemplified by Eryngium foetidum L. (Paul et al. 2011). This is a leafy plant, known as culantro
or wild coriander, belonging to the Apiaceae family and native to Central America (Singh et al.
2013). In traditional medicine, E. foetidum has been used to treat flu, hypertension, constipation,
diarrhea, and malaria (Paul et al. 2011). Due to its aromatic similarity to Coriandrum sativum, its
leaves are often used in cooking (Thomas et al. 2017). E. foetidum is rich in essential oils,
composed of compounds effective against parasitic trypanosomes, nematodes, fungi, and bacteria

in humans and mammals (Rodrigues et al. 2021).

Water conditions and cultivation practices, such as the application of plant regulators, lead
to changes in essential oil profiles (Said-Al Ahl et al. 2014; Hazzoumi et al. 2015; Nasiri et al.
2018; Moreno-Pizani et al. 2020). AsA application has been shown to affect the essential oil
profile in Coriandrum sativum (Said-Al Ah et al. 2014) and Dracocephalum moldavica (Nasiri
et al. 2018), while water stress increased the concentration of essential oils in Cymbopogon
winterianus (Costa et al. 2020). Therefore, to test the hypothesis that AsA can mitigate water
stress and modulate the essential oil profile in E. foetidum, the objective of this study was to
evaluate the effect of AsA on the growth, morphophysiology, and essential oil profile in plants of

this species under water stress.

6.2 MATERIALS AND METHODS

6.2.1 Plant material and experimental localization

The study took place from January to May in a greenhouse at the Seedling Production
Laboratory of the Federal University of Paraiba, in Bananeiras, Brazil. The greenhouse was
covered with transparent film and located at coordinates 6°45'S, 35°38'W, with an elevation of
526 m. Culantro seeds (E. foetidum L.) were provided by local farmers from rural communities
in Areia, Brazil, situated at 6°57'S, 35°41'W, with an elevation of 623 m.

6.2.2 Ascorbic acid and drought treatments

Culantro seeds were initially planted in 200-cell polyethylene trays with commercial
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substrate (Mecplant®, Telémaco Borba, Brazil), composed by bioactivated pine bark and
vermiculite, containing limestone, macro and micro- nutrients. After 35 days, when the plants had
four fully-expanded leaves, they were transplanted into polyethylene bags (22 x 28 cm) with the
same substrate. Irrigation was performed until 100% bag capacity for fifteen days. At 50 days
after sowing, the plants underwent different irrigation levels: well-watered (80% bag capacity),
drought (40% bag capacity), and re-watered (twelve days without irrigation followed by irrigation
with 80% bag capacity). Addition- ally, the plants were leaf-sprayed with either water (control)
or 100 uM ascorbic acid using hand sprayers every six days, with 12 mL per plant until
completely wet. The twelve-day water restriction period was determined based on previous
survival tests. The ascorbic acid solution included polysorbate 80 (Tween-80®, 0.03%) to

enhance leaf adhesion.

6.2.3 Morphophysiological parameters

At 100 days after sowing (DAS), we examined photosynthetic pigments, gas exchange
parameters, and chlorophyll a fluorescence. Concurrently, growth parameters, including leaf area,
number of leaves, specific leaf area, and root length, were measured at 102 DAS. ImageJ software
was used to access leaf area. After separating the plants into shoots and roots, their fresh mass
was determined. Following morphological measurements, culantro plant shoots and roots were
oven-dried at 65 °C until a constant weight was achieved to determine their dry weight. The
shoot/root ratio was calculated as the dry weight of shoots divided by the dry weight of roots.

Total biomass was determined by summing the dry weight of shoots and roots.

Gas exchange measurements were performed using an open-flow gas exchange system
infrared gas analyzer (IRGA, LCpro-SD Portable Photosynthesis System, ADC BioScientific,
Hoddesdon, UK), between 8:00 h and 10:00 h a.m, following the conditions described by Santos
et al. (2023). The net carbon assimilation rate (A, pmol CO, m~2s™ 1), stomatal conductance (gs,
mol H.0 m~2s™ 1), internal CO, concentration (Ci, mmol CO, mol~! air), leaf transpiration rate
(E, mmol H,O m™ %™ '), water use efficient (A/E), carboxylation efficiency (A/Ci), and dark
respiration (umol m~ s~ ') were determined. The chlorophyll a fluorescence parameters:
minimum chlorophyll a fluorescence in the dark-adapted state (Fo), maximum chlorophyll a
fluorescence in the dark-adapted state (Fwm), variable fluorescence (Fv), variable to minimum
fluorescence ratio (Fv/Fo), and maximum quantum yield of PSII (Fv/Fw), were determined with

a portable fluorometer (OS-30p+, Opti-Sciences, Hud- son, NY, USA), as described by Santos et
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al. (2023).

Photosynthetic pigment levels were assessed following Wellburn’s method (1994) with
modifications. Four 1 cm? leaf discs from each treatment underwent a 48-hour incubation in dark
conditions with 7 mL dimethyl sulfoxide (Santos et al. 2008). The resulting extract was
spectrophotometrically analyzed at 480, 649, and 665 nm (GTA-96 UV-VIS, Global Trade
Technology, Sao Paulo, Brazil), determining chlorophyll a, chlorophyll b, chlorophyll a/b ratio,

total chlorophylls, and total carotenoids.

6.2.4 Microextraction and qualitative analysis of essential oils

About 500 mg of leaves were gathered and stored at -18 °C in test tubes with screw caps,
following Castro et al. (2020) with modifications. Following freezing, 1 mL of methanol was
added to each sample. To expedite the extraction, samples were subjected to 10 min of ultrasonic
bath treatment (Ultra Cleaner 800, UNIQUE) at 40 kHz and 25 °C. The resulting supernatant was
then filtered through a sterile cotton wick. Samples containing 1 pL of the clear solution with the
extracted oils were subjected to gas chromatography for analysis. Qualitative assessment of
essential oils was performed using a gas chromatograph coupled to a mass spectrometer (GCMS-
QP2010 Plus; Shimadzu, Kyoto, Japan) and an Rtx-5MS® column (Restek, Bellefonte, PA,
USA) with dimensions of 30 m x 0.25 mm, utilizing three technical replicates. The initial oven
temperature was set at 50 °C, maintained for 3 min, followed by an increase of 6 °C min~ ! to 240
°C. The injector operated in split mode (1:10) at 240 °C, and the interface and mass detector were
operated at 250 °C. Helium served as the carrier gas at a flow rate of 1.69 mL min~!. Identification
of constituents was done by comparing obtained mass spectra with the NIST 9.0 data- base
(correlation > 95%) and confirmed by the corresponding retention index (Kovats Index)
compared to published data.

6.2.5 Experimental design and statistical analyzes
The experimental design was entirely randomized, in a 2 x 2 factorial scheme (ascorbic acid
application x water condition) with ten replicates, with the experimental unit composed by one
bag with one plant each. The data used were obtained from three time-shifted repeated
experiments. Data underwent normality and homogeneity tests using the Shapiro-Wilk and
Bartlett tests, respectively, and subjected to analysis of variance by F test (P < 0.05) using the

Genes software (Cruz 2016). Volatiles profile date was submitted to multivariate analysis. The
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distance between the treatments was determined using principal components analysis in a two-
dimensional scatter plot. The treatments were separated into different groups using the Tocher
optimization method and generalized squared interpoint distance of Mahalanobis (D2). The
grouping quality was evaluated using the co-optical correlation coefficient (r). The relative
contribution of each variable to discriminate treatments was quantified using Singh’s (1981)

criterion.

6.3 RESULTS AND DISCUSSION

The variables showing a significant interaction among the analyzed factors were
chlorophyll a and carotenoids (Table 1). For the variables root fresh mass, number of leaves,
Fv/Fo, Ci, gs, A, A/Ci, and dark respiration, there was no significant effect of drought, AsA
application, or their interaction (Table 1). Drought significantly constrained the growth of
culantro plants (Figure 1a), evidenced by a 52.14% and 52.35% reduction in the fresh and dry
masses of the shoot, respectively, compared to the control (Figure 1b-c). Water plays a crucial
role in plant development; thus, comprehending plant responses to water stress and devising
strategies to mitigate its detrimental effects on growth is imperative (Santos et al. 2022; Khalid et
al. 2023; El Boukhari et al. 2023). Water deficit conditions result in turgor loss, restricting cell
expansion and adversely affecting plant growth (Ozturk et al. 2021), possibly explaining the
observed reduction in culantro plant growth under drought conditions. Additionally, Santos et al.
(2023) also reported similar growth reductions in culantro plants due to drought. Under drought
conditions, there was a significant reduction in leaf area, root dry mass, and water use efficiency
by 45.48%, 36.47%, and 24.52%, respectively, compared to the control (Figure 1d, e, g).
Concurrently, transpiration increased by 22.90% under drought (Figure 1f). Water use efficiency,
defined as the ratio of CO> diffusion in the leaf to water loss, experiences reduction due to factors
such as altered CO2 concentration at the Rubisco site or reduced carboxylation during stress (Way
et al. 2014; Gholinezhad 2020). Similar effects of water stress, leading to reduced biomass and

water use efficiency, have been observed in Calendula officinalis plants (Gholinezhad 2020).

Culantro leaves exhibited altered levels of chlorophyll a and carotenoids due to water
stress and AsA application. Under drought conditions, there was an increase in chlorophyll a and
carotenoid content compared to non-stressed control plants (Figure 2a, b). However, AsA
application led to a decrease in chlorophyll a and leaf carotenoids in culantro plants exposed to

drought, while increasing carotenoid content under non-stress conditions (Figure 2a, b). Drought
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also resulted in a 44.23% increase in chlorophyll b content (Figure 2c¢) and a decrease in the Fv/Fwm

ratio (Figure 2d).

Leaves, crucial for efficient photosynthesis, exhibit varied architectures under
environmental constraints to aid acclimatization (Ren et al. 2019). In response to stress, culantro
plants adapt by reducing leaf area and increasing chlorophylls. Drought-induced plants show
heightened pigment concentration, potentially aiding photosynthesis recovery (Chen et al. 2016).
Application of Ascorbic Acid (AsA) restores conditions akin to non-stress, highlighting its
ameliorative effects. The modulation of chlorophyll and carotenoid responses is influenced by
plant sensitivity (Rustioni and Bianchi 2021). Elevated carotenoid levels in culantro under water
stress serve as photoprotective agents, dissipating excess energy and preventing overexcitation of
photosystem Il (Zhang et al. 2021). Furthermore, they act as antioxidants, reinforcing thylakoid
and cell membrane integrity, contributing to plant acclimatization to stress (Young and Lowe
2018; Ahluwalia et al. 2021).

The Fv/Fwm ratio, a marker of maximum PSII photochemistry efficiency, is widely
employed to identify PSII disturbances induced by plant stress (Sharma et al. 2015; Badr and
Briggemann 2020). Here, drought-induced a decrease in Fv/Fm, signaling reduced PSII
efficiency and disruption in the photosynthetic apparatus (Glynn et al. 2003). Values below 0.83,
as observed here, are commonly associated with stressed plants, indicating diminished
photochemical energy capacity within PSII (Kalaji et al. 2016; Badr and Briiggemann 2020).

Principal components, showing 98.19% of treatment variability (Figure 2e), separated
treatments into two groups: group 1 (red circle) comprising non-stressed control plants (water),
and group 2 (purple circle) consisting of non- stressed plants with Ascorbic Acid (AsA)
application, along with control plants with AsA under drought (Figure 2e), which allowed
demonstrating that both drought and exogenous application of AsA altered the essential oil
profile. Essential oil components in culantro plants exhibited relative contributions between 15
and 20% (Figure 2f), with the dodecanal being the compound that contributed most to the
separation between treatments in PCA. Genetic properties influence variations in essential oil
content, but environmental conditions and growth-promoting substances’ application can amplify
secondary metabolite production, including essential oils (Gomes et al. 2013; Hemmati et al.

2018; Aftab et al. 2019). Carnitine foliar application induced changes in culantro essential oil
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profile, triggering hydroquinone syn- thesis (Santos et al. 2023).

Ascorbic Acid (AsA) demonstrated an enhancement in the essential oil yield of Calendula
oficinalis plants under both stress and non-stress conditions (Hemmati et al. 2018). Its positive
impact on essential oil quality is attributed to its role as a growth regulator, participation in the
regeneration of metabolites like tocopherols, and functioning as an enzymatic cofactor for
ascorbate peroxidase, eliminating hydrogen peroxide and singlet oxygen. AsA also safeguards
enzyme catalytic sites, like hydroxylases, from irreversible oxidation by reactive oxygen species
(Caverzan et al. 2012; Locato et al. 2013). Possessing redox properties, AsA acts as a cofactor for
enzymes involved in hormonal biosynthesis, including cytokinins synthesized through
mevalonate and methylerythritol phosphate pathways (Said-Al et al. 2014). Terpenes, widespread
secondary metabolites, are formed by terpene synthase enzyme action converting isoprenoids into
terpenes (Jiang et al. 2019; Camas-Reyes et al. 2022). AsA application likely increased terpenoid
production, altering the essential oil profile of culantro plants. Moreover, secondary metabolites
produced in response to drought and AsA application differ from those under non-stress
conditions. Environmental conditions and growth regulators critically influence plant growth,

development, and essential oil quality and quantity in aromatic plants (Khan et al. 2015).

In conclusion, drought reduces the growth of culantro plants. Under drought conditions,
exogenous application of AsA restores pigments to non-stress conditions and alters the essential
oil profile in culantro. These results provide new insights into the action of AsA in mitigating
water stress and modulating the essential oil profile in aromatic plants, and they may assist in

future studies aimed at obtaining specific compounds.
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Table 1 Results (significance) of the ANOVA for the effects of water stress conditions, ascorbic acid treatment,
and their interactions on the morphophysiological parameters of 102-day-old culantro (Eryngium foetidum L.)
plants sprayed with ascorbic acid (100 pM) or water (0 M), and grown under 80% (well-watered) or 15% (drought

stress) of water holding capacity.

Variable Stress Ascorbic acid ~ Stress x CV (%)
Ascorbic acid

Shoot fresh mass 0.04** 15.10™ 35.89™ 35.43
Root fresh mass 21.07™ 18.93™ 47.81™ 39.48
Shoot dry mass 0.12** 20.52" 45.24" 40.3
Root dry mass 2.73* 20.95™ 43.32™ 41.05
Number of leaves 69.00™ 69.00™ 86.40™ 42.58
Leaf area 0.15** 13.93™ 30.90™ 34.56
Fv/Fm 2.38* 5.62™ 9.94" 4.16
Fv/Fo 7.25™ 6.25" 9.21™ 13.39
Ci 89.47™ 34.75™ 95.78™ 6.75
E 0.06** 12.10™ 5.48™ 10.8
as 48.49™ 78.68™ 8.83™ 19.04
A 47.96™ 85.12" 14.32" 19.06
WUE 0.01** 9.49™ 69.31™ 10.93
A/Ci 60.08™ 72.19™ 18.45" 22.62
Dark respiration 33.91™ 69.22" 38.70™ 47.22
Chlorophyll a 1.06* 38.75™ 1.31* 19.72
Chlorophyll b 0.07** 15.10™ 8.94"™ 16.14

Carotenoids 0.01%* 9.60™ 0.01** 12.3
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Figure 1 Eryngium foetidum L. plants subjected to drought and application of 100 uM ascorbic acid. Plant
phenotype after 102 days of cultivation (a); Shoot fresh mass (b); Shoot dry mass (c); Leaf area (d); Root dry

mass (e); leaf transpiration rate (f); and Water use efficiency (g). Asterisks indicate significant differences by the
F-test (P<0.05).
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Figure 2 Chlorophyll a (a); carotenoids (b); and chlorophyll b contents (c); maximum quantum efficiency (Fv/Fwm)
(d); 2D scatter plot of the two principal components (% of total variance explained by each principal component
is indicated in parentheses; treatments indicated by the same color were grouped into the same cluster by the
Tocher optimization method and Mahalanobis generalized squared distance between points; non-stress + water;
non-stress +AA (ascorbic acid); drought + water; drought +AA (e); Relative contribution of the original variables,
calculated by the Singh method (f). Asterisks indicate significant differences between non-stressed and drought

plants, and hashtags indicate significant differences between ascorbic acid and control (water).
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7 CAPITULO IV: SALICYLIC ACID AND WATER STRESS: EFFECTS ON
MORPHOPHYSIOLOGY AND ESSENTIAL OIL PROFILE OF Eryngium
Sfoetidum

(Publicado na Metabolites — https://doi.org/10.3390/metabo14040241

Abstract

The exogenous application of bioregulators, such as salicylic acid (SA), has exhibited
promising outcomes in alleviating drought stress. Nevertheless, its impact on culantro
(Eryngium foetidum L.) remains unexplored. Thus, the aim of this study was to assess how SA
impacts the growth, morpho- physiology, and essential oil composition of culantro when
subjected to drought. To achieve this, culantro plants were grown under three different watering
regimes: well-watered, drought-stressed, and re-watered. Additionally, they were either treated
with SA (100 uM) or left untreated, with water serving as the control. SA application did not
mitigate the effects of drought in biomass production but increased biomass, leaf number, leaf
area, and photosynthetic pigments under well-irrigated and re-watered conditions. After a
drought period followed by re-watering, plants recovered membrane integrity independently of
SA application. Water stress and the exogenous application of SA also modulated the profile
of essential oils. This is the first report about SA and drought affecting growth and essential oil

composition in culantro.

Keywords: abiotic stress; bioregulator; Eryngium foetidum L.; secondary metabolites; wild

coriander.

7.1 INTRODUCTION

The exponential growth of world population requires an increase in agricultural
production to meet food needs; however, one of the great challenges faced by agriculture are
the production losses caused by abiotic stresses, such as drought, salinity, temperature and
heavy metals (Bhardwaj et al. 2022). Moreover, considering the climate change predictions, the
impact of these abiotic stresses on agriculture are expected to be greatly worsened in the future
(Zulfigar and Ashraf 2021). Drought stress, for example, negatively affects plant growth and
productivity, also inducing metabolic, physiological and biochemical changes (Saud et al.
2014). For instance, drought decreases cell elongation and division, affects photoassimilates
production and partitioning, and induces oxidative damages due to the overproduction of
reactive oxygen species (ROS) (Sikder et al. 2016; Tang et al. 2018).

Plants can induce defense mechanisms, such as stomatal closure and osmotic

adjustment, to prevent the harmful effects of water stress (Agurla et al. 2018; Al-Yasi et al.
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2020). Under drought stress, plants close their stomata to prevent water loss, which
consequently reduces the CO2 uptake, directly affecting the photosynthetic rate (Kato et al.
2023). This impairment in gas exchanges induces changes in leaf metabolism, inhibiting
photosynthesis (Chaves et al. 2002; Sikder et al. 2016). Moreover, under drought stress, plants
can induce the production and accumulation of osmoprotective molecules, such as amino acids,

carbohydrates, proteins and inorganic ions, to maintain cell turgor (Jangra et al. 2022).

Considering the strong impacts of drought in crop productivity, it is imperative to
develop strategies to overcome these negative effects. In this context, plant breeding, optimal
crop management, and the use of plant bioregulators have been extensively used (Zulfigar and
Ashraf 2021). Bioregulators are natural or synthetic plant growth regulators, essential for plant
development and metabolism under normal and stress conditions (Gaion et al. 2018; Zulfigar
et al. 2019). Plant bioregulators include auxin, gibberellin, abscisic acid, cytokinin, salicylic
acid, nitric oxide, methyl jasmonate, paclobutrazol, ethephon, among others (Trolinder 2020;
Zulfigar and Ashraf 2021; Tormena et al. 2022).

Salicylic acid (SA) is a phenolic compound naturally synthesized by plants, which can
also be applied exogenously via foliar or seed pretreatment (Asghari and Aghdam 2010;
Dawood et al. 2012; Janda et al. 2020). SA regulates plant growth and development, and plays
an important role in defense against abiotic stresses, inducing local and systemic acquired
resistance (Zhang et al. 2010; Henschel et al. 2022). Application of SA regulates endogenous
hormone levels (EI-Mergawi and Abd EI-Wahed 2020), modulates growth, activity of
antioxidant enzymes such as peroxidase, catalase, ascorbate peroxidase, and the production of
secondary metabolites such as phenols and flavonoids (Brito et al. 2019; Serna-Ecolano et al.
2021; Soares et al. 2022). In addition, SA increases carbon dioxide assimilation and chlorophyll
content (Yildirim et al. 2008).

Eryngium foetidum L., popularly known as culantro and wild coriander, is a perennial
herbaceous species, native to Central America, belonging to Apiaceae family (Santos et al.
2022). Culantro resembles coriander (Coriandrum sativum) for its strong aroma, however, it
has a more resistant nature and a longer shelf life (Singh et al. 2014). It is an aromatic plant,
being used as medicine in China, India, Vietnam, Mexico, and the Amazon region (Paul et al.
2011; Rodrigues et al. 2022). In addition, secondary metabolites produced by culantro can be
used against Leishmania tarentolae, L. donovani, fungi, and bacteria such as Bacillus cereus
and Staphylococcus aureus (Rojas-Silva et al. 2014; Panda et al. 2016; Borah et al. 2020). The

essential oil of culantro is rich in aromatic and aliphatic aldehydes, with (2E)-2-dodecenal, also
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known as eryngial, being the predominant constituent, which is responsible for the aroma and
flavor of this species (Thomas et al. 2017; Rodrigues et al. 2020). To test the hypotheses that
SA can modulate the profile of essential oils in E. foetidum, and that its exogenous application
can mitigate water stress in this species, the aim this study was to evaluate the effects of salicylic
acid on growth, morphophysiology, and essential oil profile of culantro plants under water
stress.

7.2 MATERIALS AND METHODS

7.2.1 Experimental location.

The experiment was conducted from January to May 2022 in a greenhouse covered with
transparent film, situated in the experimental area of the Seedling Production Laboratory at the
Center for Human, Social, and Agrarian Sciences of the Federal University of Paraiba
(CCHSA/UFPB) in Bananeiras, PB, Brazil. The coordinates of the location are 6°45" S, 35°38’
W, with an elevation of 526 m. The methodology employed in this study is derived from the

previous work of our research group (Santos et al., 2023).

7.2.2 Irrigation and salicylic acid treatments.

Culantro (E. foetidum L.) plants were grown and, 50 days after sowing (DAS), subjected
to these irrigation levels: 80% bag capacity (BC)-well-watered, and 40% BC-drought. Then,
they were re-watered after twelve days of drought, according to Santos et al (2023). Moreover,
plants were leaf-sprayed with water (control) or 100 uM SA using hand sprayers (Bestfer,
Duque de Caxias, Brazil) every six days. Leaves were sprayed until completely wet (12 mL per
plant).

7.2.3 Morphophysiological analysis.

At 102 DAS, growth, photosynthetic pigments, gas exchanges, and chlorophyll a
fluorescence were measured. Leaf area, number of leaves, specific leaf area, and root length
were quantified by image analysis utilizing the soft- ware ImageJ version 1.53k (Santos et la.,
2022; Santos et al., 2023). Shoots and roots were oven-dried at 65 °C until they reached a
constant weight to determine their dry weight, shoot/root ratio, and total biomass. Gas-exchange
and light-response curves of photosynthesis were measured with an open-flow gas-exchange
infrared gas analyzer (IRGA, LCpro-SD Portable Photosynthe- sis System, ADC BioScientific,
Hoddesdon, UK) on fully expanded leaves of five plants per treatment between 8:00 a.m. and
10:00 a.m., with the conditions previously defined by Santos et al (2023). The net
photosynthetic rate (A, umol CO2 m2s!), stomatal conductance (gs, mol H,O m~2s™), internal
CO2 concentration (Ci, mmol CO, mol! air), transpiration rate (E, mmol H.0 m~2 s™!), water
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use efficiency (A/E), carboxylation efficiency (A/Ci), dark respiration (Rdark, pmol m2 s™),
apparent quantum yield (mol mol™), light compensation point (LCP, umol m~2s™!), maximum
gross assimilation rate (Amax, Umol m~2s™1), and light saturation point (LSP, umol m2s™!) were
determined. Photosynthetic pigment concentration (chlorophyll a, chlorophyll b, and total
carotenoids) was determined according to Wellburn (1994), with modifications proposed by
Santos et al. [33]. Electrolyte leakage was quantified according to Bajji et al. (2002) and Santos

et al. (2023), to assess tissue death in response to drought stress.

7.2.4 Microextraction and qualitative analysis of essential oils.

Approximately 500 mg of leaves were collected and stored at -18 °C in test tubes with
a screw cap, following Castro et al. (2020), and the microextraction was performed following
Santos et al. (2023). The qualitative analysis of essential oils was carried out on a gas
chromatographer coupled to a mass spectrometer (GCMS-QP2010 Plus; Shimadzu, Kyoto,
Japan) and an Rtx-5MS® column (Restek, Bellefonte, PA, USA) of 30 m x 0.25 mm, with three
technical replicates and running conditions according to Santos et al. (2023). The compounds
were identified by comparing mass spectra to the NIST 9.0 database (correlation 95%) and

confirmed with the Kovéts retention index.

7.2.5 Experimental design and statistical analysis.

The experimental design was completely randomized, using a 2 x 3 factorial scheme
(SA application x water condition) with ten replicates, each consisting of one bag containing
one plant. Data underwent normality and homogeneity tests (Shapiro—-Wilk and Bartlett,
respectively), followed by an analysis of variance and Tukey’s test (p>0.05), using Genes
software version 2015.5.0 (Cruz, 2016). Growth parameters and essential oil profiles underwent
multivariate analyses. Treatment distances were assessed through canonical discriminant
analysis in a three-dimensional scatter plot. Treatments were grouped using the Tocher
optimization method and Mahalanobis’ generalized squared interpoint distance (D2). Variable

contributions to treatment discrimination were quantified using the Singh (1981) criterion.

7.3 RESULTS

The highest plant growth was obtained under re-watered and well-watered conditions,
while drought limited culantro development (Figure 1a). Without SA application, re-watering
doubled the leaf fresh mass, root fresh mass, and total biomass, with increments of 108.61%,
111.38%, and 127.89%, respectively, compared to well-watered plants (Figure 1b,d,f). Re-
watering also increased the leaf dry mass and root dry mass of control plants compared to the

well-watered condition (Figure 1c,e). In well-watered plants, SA application increased leaf
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fresh mass, root fresh mass, leaf dry mass, root dry mass, and total biomass by 102.98%,
99.37%, 105.51%, 72.04%, and 103.79%, respectively. Similarly, SA treatment increased the
root fresh and dry mass and total biomass compared to the control in re-watered plants. By
contrast, SA decreased the leaf dry mass and total biomass of culantro compared to control
plants. Water conditions did not affect the biomass allocation of control plants; however,
compared to the control, SA increased the shoot/root ratio of well-watered plants (Figure 1g).

Drought decreased the leaf area of control plants compared to well-watered and re-
watered conditions (Figure 2a,b). On the other hand, SA increased the number of leaves by
136.67% and the leaf area by 66.08% compared to control plants under well-watered conditions
(Figure 2a,b). Similarly, SA increased the leaf area of re-watered plants by 28.75% compared
to the control. Water conditions did not affect the specific leaf area of control plants; however,
in SA-treated plants, re-watering increased the specific leaf area compared to well-watered
conditions (Figure 2c). Intriguingly, drought reduced the electrolyte leakage of control plants
compared to well-watered conditions (Figure 2d). On the other hand, SA reduced electrolyte
leakage in well-watered plants but increased it in drought-stressed plants. In turn, re-watering

reduced electrolyte leakage independently of SA application (Figure 2d).
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Figure 1. Biomass production and partitioning of 102-day-old culantro plants treated with water (control) or
salicylic acid and grown under different water levels (80% BC-well-watered; 40% BC-drought; and re-watered
after 12 days of water restriction). Values represent means + standard error (n = 6). Capital letters compare water

levels within each salicylic acid treatment, and lowercase letters compare control and salicylic acid treatment
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within each water level (Tukey’s test; p < 0.05). (a) plant phenotype; (b) leaf fresh mass; (c) leaf dry mass; (d) root

fresh mass; (e) root dry mass; (f) total biomass; (g) shoot/root ratio.
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Figure 2. Number of leaves, leaf area, specific leaf area, and electrolyte leakage of 102-day-old culantro plants
treated with water (control) or salicylic acid and grown under different water levels (80% BC-well-watered; 40%
BC-drought; and re-watered after 12 days of water restriction). Values represent means + standard error (n = 6).
Capital letters compare water levels within each salicylic acid treatment, and lowercase letters compare control
and salicylic acid treatment within each water level (Tukey’s test; p < 0.05). (a) number of leaves; (b) leaf area;
(c) specific leaf area; (d) electrolyte leakage.

Drought stress increased the concentration of chlorophyll a, chlorophyll b, and
carotenoids compared to the well-watered condition; however, SA application reversed this
effect, reducing the concentration of pigments compared to the control (Figure 3a,b,d). By
contrast, SA increased the concentration of chlorophyll a, chlorophyll b, and carotenoids
compared to the control in re-watered plants (Figure 3a,b,d). Moreover, within SA-treated
plants, re-watering resulted in the highest concentration of pigments compared to well-watered
and drought conditions. Re-watering reduced the chlorophyll a/b ratio in control plants
compared to well-watered plants (Figure 3c). In turn, SA reduced the chlorophyll a/b ratio in

well-watered plants but increased that of re-watered plants, compared to the control (Figure 3c).
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Figure 3. Photosynthetic pigments of 100-day-old culantro plants treated with water (control) or salicylic acid, and
grown under different water levels (80% BC-well-watered; 40% BC-drought; and re-watered after 12 days of
water restriction). Values represent means + standard error (n = 6). Capital letters compare water levels within

each salicylic acid treatment, and lowercase letters compare control and salicylic acid treatment within each water

level (Tukey’s test; p < 0.05). (a) chlorophyll a; (b) chlorophyll b; (c) chlorophyll a/b; (d) total carotenoids.

Within control plants, A, gs, and Ci were not affected by water conditions; however, re-
watered plants had higher E, and lower A/E and A/Ci than well-watered ones (Figure 4a—f).On
the other hand, SA application reduced A and gs compared to control plants under well- watered
and drought conditions (Figure 4a,b). Similarly, SA reduced A/E and A/Ci under well-
watered conditions (Figure 4e,f). Interestingly, E was not affected by SA treatment, while

Ci was not affected by either the water condition or SA treatment (Figure 4c,d).

Within control plants, A, gs, and Ci were not affected by water conditions; however, re-
watered plants had higher E, and lower A/E and A/Ci than well-watered ones (Figure 4a—f). On
the other hand, SA application reduced A and gs compared to control plants under well- watered
and drought conditions (Figure 4a,b). Similarly, SA reduced A/E and A/Ci under well-watered
conditions (Figure 4e,f). Interestingly, E was not affected by SA treatment, while Ci was not

affected by either the water condition or SA treatment (Figure 4c,d).
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Figure 4. Gas exchange parameters of 100-day-old culantro plants treated with water (control) or salicylic acid
and grown under different water levels (80% BC-well-watered; 40% BC-drought; and re-watered after 12 days of
water restriction). Values represent means + standard error (n = 6). Capital letters compare water levels within
each salicylic acid treatment, and lowercase letters compare control and salicylic acid treatment within each water
level (Tukey’s test; p < 0.05). (a) Net carbon assimilation rate (A); (b) stomatal conductance (gs); (c) leaf
transpiration rate (E); (d) internal CO2 concentration (Ci); (e) water use efficiency (A/E); (f) instantaneous
carboxylation efficiency (A/Ci).

There was a reduction in the Rgark and LCP of control plants under drought stress;
however, SA reversed this effect, increasing Rdark and LCP under drought (Figure 5a,c).
Similarly, re-watering reduced the Rgark and LCP of control plants compared to the well-
watered condition; however, SA did not affect these variables under the re-watered condition
(Figure 5a,c). On the other hand, drought increased the Amax Of control plants compared to well-
watered and re-watered conditions (Figure 5b). Moreover, Amax Was reduced by SA under
drought compared to control plants. Within control plants, re-watering resulted in the lowest

LSP, while no differences between water conditions were found within SA-treated plants
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(Figure 5d). Furthermore, SA reduced LSP under well-watered and drought conditions
compared to control plants, while under the re-watered condition, SA increased LSP (Figure
5d).
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Figure 5. Light-curve parameters of 100-day-old culantro plants treated with water (control) or salicylic acid and
grown under different water levels (80% BC-well-watered; 40% BC-drought; and re-watered after 12 days of
water restriction). Values represent means + standard error (n = 6). Capital letters compare water levels within
each salicylic acid treatment, and lowercase letters compare control and salicylic acid treatment within each water
level (Tukey’s test; p < 0.05). (a) Dark respiration (Rgark); (b) maximum gross assimilation rate (Amax); (c) light
compensation point (LCP); (d) light saturation point (LSP).

The first three canonical variables explained 99.56% of the variability among the
treatments for morphophysiological parameters, allowing for a three-dimensional scatter plot
representation (Figure 6a). The treatments were separated into four groups: group 1 (blue
circle), comprising control and SA-treated plants under drought (DR-Ctrl and DR- SA); group
2 (green circle), comprising control and SA-treated plants under re-watered condition (RW-Citrl
and RW-SA); group 3 (red circle), comprising well-watered control plants (WW-Citrl); and
group 4 (yellow circle), comprising well-watered plants treated with SA (WW-SA). The relative
contributions of the original variables showed that leaf area (15.4%), total biomass (15.4%),
and shoot dry mass (13%) were the variables that most contributed to the total variance (Figure
6b).
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Regarding the essential oil profile, the first three canonical variables explained 92.92%
of the variability among treatments (Figure 6c). Treatments were separated into three groups:
group 1 (red circle), corresponding to well-watered control plants (WW-Ctrl); group 2 (yellow
circle), corresponding to well-watered plants treated with SA; and group 3 (blue circle),
comprising control and SA-treated plants under drought stress and re-watered conditions (DR-
Ctrl, DR-SA, RW-Ctrl, and RW-SA). The relative contributions of the original variables
showed that 8-hexadecenal was the compound that most contributed to the total variance
(60.3%) (Figure 6d).
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Figure 6. Canonical variables from original parameters in culantro plants treated with water (control) or salicylic
acid and grown under different water levels (80% BC-well-watered; 40% BC-drought; and re-watered after 12
days of water restriction). (a,c) 3D scatter plots of the first three canonical components obtained from the
morphophysiological variables and essential oil profile, respectively; (b,d) relative contribution of original
variables to the canonical variables, calculated using the Singh method. The percentage of total variance explained
by each canonical component is indicated in parentheses; treatments into the same ellipses were grouped by the
Tocher optimization method and the generalized distance of Mahalanobis.
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7.4 DISCUSSION

Water is essential for plant growth, and drought stress represents a major challenge for
agriculture. Drought stress impact crop production by affecting plant metabolism, physiology,
and biochemistry (Fadiji et al. 2022; Henschel et al. 2022). Our results showed that drought
stress reduced the leaf area of culantro plants, but did not decrease biomass production and
number of leaves. Drought is known to reduce cell turgor pressure, inhibiting cell expansion
and, consequently, plant growth (Zhao et al. 2006; Kudo et al. 2019; Khaleghnezhad et al.
2021). This may explain the reduction in leaf area of culantro under drought stress; however,
no reduction in biomass production was found under drought, suggesting that culantro might
be tolerant to irrigation with 40% of BC. Interestingly, re-watering of plants after 12 of water
restriction was the condition that resulted in the highest leaf and root biomass, number of leaves,
and leaf area. These results suggest that water restriction might have primed culantro plants,
inducing defense responses that resulted in better performance after re-watering. In fact, studies
have shown that drought stress priming may improve drought tolerance in plants due to “stress
memory” mechanisms, such as the maintenance of water status, osmotic adjustment, and

expression of stress related genes (Blum 2017; Jacques et al. 2021; Sintaha et al. 2022).

Under drought stress plants generally direct more biomass to the roots, increasing their
ability to absorb water and nutrients (Eziz et al. 2017; Dinneny 2019; Gupta et al. 2020). Here,
water conditions did not alter biomass partitioning of control plants, but SA treatment increased
biomass allocation to shoots under well-watered condition, as shown by the higher shoot/root
ratio. Moreover, SA treatment strongly increased leaf and root biomass under well-watered
condition, indicating the role of this plant hormone in plant growth regulation. Indeed, SA have
been related not only to stress responses, but also to growth regulation (Rivas-San Vicente et
al. 2011; Zulfigar et al. 2021b). Considering that the organ of commercial interest for culantro
is the leaf (Rodrigues et al. 2020), our results indicate that SA treatment has the potential to
increase the commercial production of culantro under well-watered conditions. In the same
way, re-watering increased overall culantro growth independently of SA treatment, suggesting
that drought priming is a promising technique to increase biomass production in culantro.

The specific leaf area is an estimative of leaf thickness that plays an important role in
ecological characteristic of plants, explaining variations in photosynthetic and respiratory rates
per unit of leaf dry mass and in light interception (Reich et al. 1998; Sugiyama 2005; Koester
et al. 2014). Here, water conditions did not affect specific leaf area in control plants; however,

in SA-treated plants, re-watering resulted in the highest specific leaf area, indicating that this
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condition resulted in thinner leaves. As increased specific leaf area upon SA treatment have
been related to the role of this hormone in nutrient uptake and to the crosstalk with ethylene
(Leslie and Romani, 1986; Farhangi-Abriz and Ghassemi-Golezani, 2018; Ghassemi-Golezani
et al. 2018), this could help to explain the higher specific leaf area under this condition.

Electrolyte leakage is an indicator of cell membrane integrity, with increases in
electrolyte leakage values indicating higher leakage of ions due to loss of membrane integrity
(Khoshbakht and Asgharei, 2015). In plant cells, electrolyte leakage can be detected almost
instantly after the exposition to a stress factor due to K* efflux and production of ROS, which
can cause oxidative damages to cell membranes and impair plant development (Demidchik et
al. 2014; Niu et al. 2021). SA application did not reduce and even increased electrolyte leakage
in drought-stressed culantro plants, indicating reduced membrane stability. Considering that the
effectiveness of SA in stress mitigation is highly dependent of its concentration and that high
levels of SA can induce oxidative damages (Borsani et al. 2001; Prakash et al. 2021; Soares et
al. 2022), our results suggest that SA treatment, combined with drought, may have induced
oxidative damages in culantro. By contrast, re-watering resulted in the lowest electrolyte
leakage independently of SA addition, indicating higher membrane integrity. Considering that
plants induce antioxidant defenses in response to drought, reducing oxidative damages, and
increasing membrane stability (Siddiqui et al. 2010; Xi et al. 2018; Gonzaléz-Orenga et al.
2019), our results suggest that drought priming may have induced such responses in culantro
plants, explaining the reduction in electrolyte leakage upon re-watering observed here.
Recovery after a period of stress is a key mechanism in drought tolerance and plant survival,
especially in regions where plants are exposed to repeated cycles of drought and irrigation
(Chen et al. 2016). Thus, our results further confirm the beneficial effect of drought priming in
culantro plants.

SA have been related to increases in the content of chlorophylls and carotenoids and
reductions in chlorophyll catabolism (Costa et al. 2005; Luo et al. 2012; Eismann et al. 2020).
Here, SA increased the content of chlorophyll a and b, and carotenoids in re-watered plants and
reduced them in drought-stressed plants. These results, together with electrolyte leakage results,
suggest that the combination between drought stress and SA treatment may have triggered
oxidative damages, degrading photosynthetic membranes and pigments. By contrast, in re-
watered plants, drought priming may have induced antioxidant defenses, which in combination
with SA, even increased pigment contents and chloroplast membrane stability. In fact, SA have
been related to changes in the monogalactosyldiacylglycerol/digalactosyldiacylglycerol ratio in

chloroplast membranes, increasing the stability of photosystem complexes and chloroplasts
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(Belkadhi et al. 2015; Rocha et al. 2018). Accordingly, SA treatment has also shown to reduce
electrolyte leakage and increase chlorophyll content in other species, such as Linum
usitatissimum, under abiotic stresses (Belkhadi et al. 2010).

Exogenous SA has shown to affect photosynthetic capacity of plants, depending on
factors such as plant species, duration of treatment, form of application, and environmental
conditions, with high SA concentrations negatively affecting photosynthesis (Janda et al. 2012;
Wu et al. 2013; Janda et al. 2014). This may explain the reduction in photosynthetic capacity
of plants treated with SA under well-watered and drought conditions. Furthermore, SA
treatment decreased gs of well-watered and drought-stressed plants; however, Ci was
maintained high under these conditions, indicating that the lower A was not related to the CO-
availability (Aires et al. 2022). In turn, the lower carboxylation efficiency (A/Ci) of well-
watered plants treated with SA suggest that this treatment may have affected biochemical
reactions. In fact, SA have been related to changes in biochemical reactions, and in the
composition and volume of thylakoid membranes, decreasing photochemical efficiency and
photosynthetic rates (Uzunova and Popova 2000; Grigorova et al. 2013; Aires et al. 2022).

Dark respiration is a redox process, where the amount of CO> released by respiration is
greater than the CO fixed in photosynthesis (Tan et al. 2013). Here, drought stress and re-
watering reduced Rqark and LCP in control plants, and SA reversed this effect under drought,
increasing Rdark and LCP. These results indicate that SA-treated plants had higher energy
consumption and, thus, required higher light quantities to compensate the levels of CO. up
taken and released by plants through respiration and photosynthetic processes. Similar results
were observed in Arabidopsis mutants with high SA content, which also exhibited increased
dark respiration (Janda et al. 2014). SA also reversed the increased Amax in drought plants and
reduced LSP in drought and well-watered plants, suggesting that SA may be inducing
photoinhibition under these conditions. Considering that photoinhibition is associated with
oxidative damages in chloroplast membranes (He et al. 2021), these results further confirm the
hypothesis that SA treatment may have induced oxidative stress, dismantling membranes and
increasing electrolyte leakage.

Canonical analysis showed that SA altered morphophysiology of well-watered plants;
however, under drought and re-watering conditions, the morphophysiological responses of
control were grouped together with those of SA-treated plants. This indicates that the water
condition was the main factor involved in the range of morphophysiological responses.
Regarding the essential oil profile of culantro, our results indicated that water stress and SA

application affected the essential oil profile. Due to its action in plant defense responses, SA is
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largely known as an elicitor of secondary metabolite production in plants (Golkar et al. 2019;
Ali 2021). Accordingly, our results showed that SA treatment altered the essential oil profile of
well-watered plants; however, drought and re-watering also altered the essential oil profile of
culantro independently of SA. These results indicate that the secondary metabolites produced
in response to water stress are different from those produced under well-watered or upon SA
treatment. In fact, it is known that the synthesis of secondary metabolites is highly affected by
environmental factors, especially water stress, altering metabolite composition and yield
(Bettaieb et al. 2009). Among the compounds found here, 8-hexadecenal, also known as
trogodermal, was the compound that most contributed to the total variance. This compound was
also identified as one the main constituents of essential oils in Foeniculum vulgare (Islam et al.
2021), and is characterized as a highly active sexual pheromone of Trogoderma, leading them
to a mating behavior (Cross et al. 1976; Mori, 2009; Morrison et al. 2020). These findings
contribute to future studies aiming at increasing the production of compounds of interest.

7.5 CONCLUSIONS

Drought reduced the leaf area, which was recovered upon rehydration. Moreover, re-
watering caused a drought-priming effect that resulted in increased growth and membrane
stability. The exogenous application of salicylic acid enhances growth and modulates the
essential oil profile in well-watered culantro. The composition of essential oils was also
modulated by water stress, whether followed by rehydration or not. Understanding the
regulation of the profile of essential oils in culantro may enable the production of compounds
of economic and industrial interest. Thus, our results generate new perspectives to explore the

production of compounds of interest in culantro essential oils.
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8 CONCLUSAO GERAL
A aplicacédo de 100 uM de carnitina aumenta o crescimento do coentro-maranhdo em condigdes
ndo estressantes, sobretudo através da modulacgdo do crescimento da raiz. Apds periodo de seca
com posterior irrigacdo, as plantas de coentro-maranhdo aumentam a biomassa. A aplicacdo
exogena da carnitina, acido salicilico e acido ascdrbico ndo mitigaram o estresse hidrico, mas

modularam o perfil de 6leo essencial das plantas de coentro-maranhéo
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Supplementary Table 1 Results (significance) of the ANOVA for the effects of water condition
(WC), carnitine (SA), and their interactions, on the morphophysiological parameters and
essential oil compounds of 102-day-old Eryngium foetidum L. plants sprayed with water or
carnitine (100 uM), and grown under different water conditions

Water condition

Parameter (WC) Carnitine (CA) WC x CA
Leaf fresh mass (g) 3.97 * 0.08 ** 0.11 **
Leaf dry mass (g) 2.88 * 1.01 * 0.14 **
Root fresh mass (g) 433 * 222 % 2.06 *
Root dry mass (g) 433 * 1.89 * 4.62 *
Total biomass (g) 4.44 * 4.02 * 247 *
Shoot/root ratio 222 % 8.88 ™ 4.44 *
Root length (cm) 4.88 * 3.21 % 4.82 %
Number of leaves 3.08 * 0.08 ** 2.01 *
Leaf area (cm?) 4.66" 3.44 * 3.09 *
Specific leaf area (cm? g™!) 65.23™ 77.90" 100.00™
Chlorophyll a (pg cm) 33.33" 2.04 * 1.18 *
Chlorophyll b (ug cm) 4.44 * 0.04 ** 0.92 **
Total chlorophylls (ug cm?) 2.84 * 322 % 1.11*
Total carotenoids (pg cm™) 0.92 ** 0.00 ** 0.25 **
A (umol CO2 m™ s7) 66.67™ 16.67™ 85.55™
gs (mol HoO m? s 77.10" 100.00 " 100.00 "
E (mmol HO m? s 0.21 ** 1.11* 0.80 **
A/E 0.74 ** 66.66 " 422 *
Ci (mmol CO2 mol™! air) 100.00 " 58.84™ 8.99 1
A/Ci 100.00™ 100.00™ 4438 ™
Rark 0.92 ** 3.12 % 1.88 *
Light compensation point 1.15* 1.15* 3.33 *
Fo 33.33™ 67.33™ 100.00™
Fu 1291 20.45™ 33.33™
Fy 8.16™ 7.90™ 88.17™
Fv/Fu 321%* 10.11™ 72.14 "
Fv/Fo 67.77" 100.00™ 100.00™
o 100.00™ 100.00™ 100.00™
J 82.39 ™ 100.00™ 62.88"™
I 100.00™ 100.00™ 100.00™
P 50.00™ 91.10™ 100.00™
S 53.33™ 7.10™ 12.127
A 6.21™ 5.04™ 9.36™
Twm 3.33* 0.72 ** 1.22 **
Hydroquinone 0.07 ** 0.00 ** 2,17 *
9-Octadecenal 100.00™ 100.00™ 67.67"
Eryngial (0.23 ** 0.00 ** 0.11 **
Decanal 6.28 ™ 4292 100.00 ™



105

8-Hexadecenal 13.31™ 100.00 ™ 100.00 ™
Benzaldehyde 54.821s 21.15™ 83.33 "8
Dodecanal 5.64" 83.33"8 72108

s = Non-significant at a 5% probability; * and ** significant at a level of 5 and 1% probability,
respectively, by the F test.



