Universitat

de les Illes Balears

DOCTORAL THESIS
2022

CELL WALL COMPOSITION IN RELATION TO
PHOTOSYNTHESIS

Margalida Roig Oliver






Universitat

de les Illes Balears

DOCTORAL THESIS
2022

Doctoral Programme in Plant Biology

CELL WALL COMPOSITION IN RELATION TO
PHOTOSYNTHESIS

Margalida Roig Oliver

Thesis Supervisor: Jaume Flexas Sans
Thesis Supervisor: Josefina Maria Bota Salort
Thesis tutor: Jaume Flexas Sans

Doctor by the Universitat de les llles Balears






Universitat

de les Illes Balears

®

Dr. Jaume Flexas Sans, Catedratic de Fisiologia Vegetal de la Universitat de les llles
Balears i Dra. Josefina Maria Bota Salort, Professora Titular de la Universitat de les llles
Balears

DECLAREM:

Que la tesi doctoral que porta per titol “Cell wall composition in relation to
photosynthesis”, presentada per Margalida Roig Oliver per a I'obtencié del titol de
doctor, ha estat dirigida sota la meva supervisié i que compleix amb els requisits
necessaris per optar al titol de Doctor Internacional.

| perque quedi constancia d'aixo signo aquest document.

Signatura

Dr. Jaume Flexas Sans Dra. Josefina Maria Bota Salort

Palma de Mallorca, 26 de maig del 2021







Als meus pares






Agraiments

Agraiments

Escriure aquestes paraules suposa finalitzar una etapa que m’ha aportat molt, tant a nivell
personal com professional. De totes maneres, pero, tenc molt clar que gran part de
I’enriquiment personal que m’emporto d’aquesta experiéncia esta estretament lligat a
totes aquelles persones que, simplement per ser-hi —ja sigui estant fisicament a prop o a
mils de quilometres de distancia—, I’han feta més facil. | és que el sentir-me sempre
acompanyada i com a casa, inclus estant molt enfora, ha estat gracies a tots vosaltres.

Si m’aturo a pensar-ho, tot i que son molts els que han seguit des de ben a prop el
transcurs d’aquests quatre anys, n’hi ha d’altres que des de sempre han caminat al meu
costat, tant en els moments bons com en els dolents. Aixi doncs, vull donar primerament
les gracies a la meva familia i, en especial, als meus pares per recolzar-me en totes les
decisions que he pres, per escoltar-me i aconsellar-me, per haver-me fet costat en tot
moment i, sobretot, per sempre haver confiat i cregut en mi. Gracies a vosaltres he arribat
0N soc i a ser qui soc, sempre us n’estaré agraida.

Continuant fent la vista enrere, record els horabaixes que passava a I’hort des de
ben petita anant d’un lloc a un altre, fent unes quantes coses alhora i fixant-me en més
coses encara. En aquest sentit, atribueixo al meu oncle Joan el despertar-me la curiositat
i l’interés per conéixer, voler entendre i qiiestionar-me el per que del que passava a la
natura que m’envoltava. Gracies per transmetre’m la teva passio.

A en Mateu, per haver-te convertit en un pilar fonamental del meu dia a dia.
Gracies per fer-ho tot més facil, per entendre’m, per ensenyar-me a veure la part positiva
de cada situacio i, sobretot, per ser com ets. Sense cap dubte ets el millor que m’emporto
d’aquesta experiéncia.

Als meus amics, especialment a na Maria 1 na Barbara, qui cada dia s’han
encarregat de treure’m una rialla 1 han estat una importantissima font de desconnexio
després de jornades intensives de treball. Per les nostres converses desbaratades, per les
mil i una anecdotes que tenim al darrere després de tants anys i, fonamentalment, per
seguir sumant moltes més vivencies durant molt de temps. Gracies per ser-hi sempre.

Malgrat que rere els paragrafs anteriors apareixen aquelles persones que formen
part del meu dia a dia meés immediat, com no comentar el que ha suposat aquesta
experiencia a nivell professional! Haver format part d’un dels grups de recerca més actius

dins I’ambit de la biologia de les plantes m’ha ofert I’oportunitat de treballar amb



Agraiments

cientifics excepcionals tals com els meus directors de tesi, en Jaume Flexas i na Josefina
Bota, a qui agraeixo tots els consells, pautes i directrius donats al llarg de la tesi. Gracies
per donar-me 1’oportunitat d’emprendre aquesta aventura i, també, per haver pogut
participar en una experiéncia tan enriquidora, increible i practicament irrepetible tal com
és la campanya antartica.

A tots els membres del “Greek team”, i especialment a na Panagiota Bresta, per
haver-me acollit al seu laboratori a la Universitat d’ Atenes i no només fer-me sentir un
membre més del grup, sind6 com a casa. Gracies per la vostra dedicacio i implicacid.
Agrair també a na Catherine Rayon i als demés membres del BIOPI la seva ajuda i
cooperacid durant la meva estada a la Universitat d’Amiens.

Per acabar, pero no per aixd menys important, voldria dedicar unes paraules a tots
els companys amb qui he coincidit a Ca’n Boom durant aquests anys. Em sento afortunada
d’haver compartit moments junts i d’haver pogut treballar amb alguns de vosaltres.
M’emporto molts bons moments i anécdotes que segur que d’aqui uns anys recordarem,
incloent els moments de “panic licorer” (Cyril!) i les xerradetes entre centrifugacio i

centrifugacio (Pere!).

A tots vosaltres, moltissimes gracies! Aquesta experiencia no hagués estat ni de

bon tros el mateix si no m’hi haguéssiu acompanyat!

Funding:

This PhD Thesis was supported by the project PGC2018-093824-B-C41 from the
Ministerio de Economia y Competitividad (MINECO, Spain). Also, MINECO awarded
a pre-doctoral fellowship (FPU16/01544) to Margalida Roig Oliver.



Symbols and abbreviations

Symbols and abbreviations

Symbols and abbreviations used along this Thesis™:

Symbol Meaning

AE Acetylesterase

af Apoplastic water fraction

AIR Alcohol insoluble residue

An Net CO2 assimilation

BL Biochemical relative contribution to dA/A
(C+H)/P Cellulose and hemicelluloses to pectins ratio
Ca Ambient CO2 concentration

Cec CO2 concentration at chloroplasts stroma

Ci CO- concentration at the sub-stomatal cavity
CMA Canopy mass per area

C*# Leaf area specific capacitance at full turgor
DW Dry weight

ETR Electron transport rate

fias Fraction of mesophyll intercellular air spaces
Fm’ Maximum chlorophyll fluorescence

Fs Steady-state chlorophyll fluorescence

FW Fresh weight

GalA Galacturonic acid

Jm Mesophyll conductance

Os Stomatal conductance

HG Homogalacturonan

IRGA Infrared gas analyser

LA Leaf area

I Biochemical absolute limitation to photosynthesis
Lbetchi Distance between chloroplasts

Lehi Chloroplasts length

LD Leaf density

Im Mesophyll conductance absolute limitation to photosynthesis
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LMA
Is

LT

ML
NpaL
PAE
PME
PPFD
PRE
P-V
RG-I
RG-II
Riight
Rubisco
RwWC
RWCip
Sc/S
S¢/Sm

SL
Sm/S
ST
Teni
Tew
Teyt
Tie
Tieaf
Trmes
Tue
T™W
VPD
WUE;
XGA

Leaf mass per area

Stomatal conductance absolute limitation to photosynthesis
Long-term water deficit stress

Mesophyll conductance relative contribution to dA/A
Number of palisade layers

Pectin acetylesterase

Pectin methylesterase

Photosynthetic photon flux density

Pectin remodelling enzymes

Pressure-volume curves

Rhamnogalacturonan type |

Rhamnogalacturonan type II

Light respiration

Ribulose-1,5-bisphosphate carboxylase/oxygenase
Relative water content

Relative water content at turgor loss point

Chloroplasts surface area exposed to intercellular air spaces
Ratio between chloroplasts and mesophyll surface areas exposed to
intercellular air spaces

Stomatal conductance relative contribution to dA/A
Mesophyll surface area exposed to intercellular air spaces
Short-term water deficit stress

Chloroplasts thickness

Cell wall thickness

Cytosol thickness

Lower epidermis thickness

Leaf thickness

Mesophyll thickness

Upper epidermis thickness

Turgid weight

Vapour pressure deficit

Intrinsic water use efficiency

Xylogalacturonan
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r* CO2 compensation point in the absence of respiration
€ Bulk modulus of elasticity

To Osmotic potential at full turgor

Dps Real quantum efficiency of photosystem 11

Wmd Midday water potential

Whd Pre-dawn water potential

Yup Leaf water potential at turgor loss point

“ The use of distinct symbols and abbreviations of the list presented above is because of
Journal Editorial decisions and guidelines. In all cases, they are specifically defined in
each publication.
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Summary

Summary

Photosynthesis is an essential process for plants. To comprehend how diffusive and
biochemical CO- processes involved in photosynthesis occur is of great relevance to
understand plant physiology. For decades, photosynthesis was thought to be only limited
by stomatal conductance (gs) and biochemistry. However, it is now well-known that
mesophyll conductance (gm) is also a crucial trait determining photosynthetic rates in
plants subjected to some stresses as well as along land plants’ phylogeny. Although the
specific nature of those traits most affecting gm remains unknown, biochemical and
structural facts could be involved. Regarding structural elements, it has been
demonstrated that leaf anatomical characteristics —particularly, the chloroplasts surface
area exposed to intercellular air spaces (S¢/S) and the cell wall thickness (Tcw)— are crucial
in determining gm. Additionally, it has been recently described that the bulk modulus of
elasticity (¢) also influences gm probably due to cell wall characteristics, such as Tcw and
its composition. Mainly compounded by cellulose, hemicelluloses and pectins, recent
studies have suggested that cell wall composition could also be of special relevance
determining gm and, thus, photosynthesis. However, this relationship remains almost
unexplored.

The present Thesis is compounded by eight publications which have, as a main
idea, to explore the relationship between photosynthesis and cell wall composition.
Hence, this Thesis is divided in four sections. In the first one, possible correlations
between changes in cell wall composition and gm were explored studying a model plant
subjected to water deficit stress. In the second, various crops submitted to contrasting
abiotic stresses were studied to determine how modifications in cell wall composition
influence gm. In the third, mutant plants were utilized to examine the effect of specific
mutations in pectins remodelling enzymes affecting gm. Finally, in the last section, a
relationship between photosynthesis and cell wall compositional characteristics was
analysed in the most basal land plants lineage.

Overall, the obtained results evidence the importance of cell wall composition as
a gm determinant, consequently affecting photosynthesis. Along phylogeny, the specific
cell wall composition of each land plant lineage also influences Tcw. Under abiotic stress
conditions, it has been demonstrated that dynamic and fast modifications occurring in the
cell wall composition also promote modifications in other plant functional traits, for

instance, leaf water relations, being € a key parameter. Even though the specific nature of
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some of these changes varies in a species-specific way, it has been proposed that pectins
could be the most relevant cell wall components determining distinct plant functional
traits under abiotic stress conditions. Finally, we focused on the current state of those
methodologies used to study the cell wall composition in more detail as well as on which
are the future perspectives to continue deepening on how cell wall composition influences

Om and, thus, photosynthesis.
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Resum

La fotosintesi és un procés imprescindible per les plantes. Entendre com esdevenen els
processos difusius i bioquimics del COz involucrats en la fotosintesi té gran rellevancia
per comprendre la fisiologia vegetal. Tot i que durant decades es pensava que la
fotosintesi estava Unicament limitada per la conductancia estomatica (gs) i per processos
bioguimics, actualment es coneix que la conductancia del mesofil (gm) és també un tret
crucial determinant les taxes fotosintetiques tant en plantes sotmeses a algun estres aixi
com al llarg de la filogénia de les plantes terrestres. Malgrat que la naturalesa especifica
d’aquells factors que més afecten la gm encara no esta del tot identificada, elements
bioquimics i estructurals poden estar-hi involucrats. Respecte als estructurals, s’ha
demostrat que les caracteristiques anatomiques foliars, particularment la superficie de
cloroplasts exposada a espais aeris intercel-lulars (S¢/S) i la gruixa de la paret cel-lular
(Tew), sOn decisives determinant la gm. A més, recentment s’ha descrit que el modul
d’elasticitat (g) també influencia la gm, probablement a causa de caracteristiques de la
paret cel-lular tals com la Tcw i la seva composicid. Principalment composta per cel-lulosa,
hemicel-luloses i pectines, estudis recents han suggerit que la composicio de la paret
cel-lular també podria tenir especial rellevancia determinant la gm i, per tant, la fotosintesi.
Tot i aix0, aquesta relacid ha estat molt poc explorada.

La present Tesi esta composta per un total de vuit articles que tenen, com a idea
principal, explorar la relacié entre la fotosintesi i la composicié de la paret cel-lular. Aixi,
aquesta Tesi es troba dividida en quatre seccions. A la primera d’elles, s’exploren les
possibles correlacions entre canvis en la composicio de la paret cel-lular que afectin la gm
estudiant una planta model sotmesa a déficit hidric. A la segona, se cerquen correlacions
entre canvis en la composicio de la paret cel-lular que influenciin la gm havent aclimatat
diversos cultius a diferents estressos abiotics. A la tercera part, s’estudia 1’efecte de
mutacions especifiques en enzims remodeladors de pectines sobre la gm a partir de plantes
mutants. Finalment, a la darrera seccié s’ha cercat una relacio entre la fotosintesi i les
caracteristiques de la composicid de la paret cel-lular en el llinatge de plantes terrestres
més basal.

En conjunt, els resultats obtinguts evidencien la importancia de la composici6 de
la paret cel-lular com a factor determinant de la gm i, en consequencia, de la fotosintesi.
Al llarg de la filogenia, la composicié de la paret cel-lular especifica de cada grup també

influeix la Tew. Sota condicions d’estrés abiotic, s’ha demostrat que ocorren
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modificacions dinamiques i rapides en la composicié de la paret cel-lular que també
promouen canvis en altres trets funcionals, per exemple, les relacions hidriques, essent-
ne & un parametre clau. Tot i que la naturalesa d’alguns d’aquests canvis varia de manera
particular segons 1’espécie estudiada, es discuteix el potencial de les pectines com a
components més rellevants de la paret cel-lular que poden determinar ajustos en distints
trets funcionals sota condicions d’estrés abiotic. Finalment, es comenta quin és 1’estat
actual de les metodologies emprades per estudiar la composicio de la paret cel-lular amb
més detall i també quines son les perspectives de futur per tal de continuar aprofundint en

I’estudi de com la paret cel-lular influencia la gm i, per tant, la fotosintesi.
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Resumen

La fotosintesis es un proceso imprescindible para las plantas. Entender como suceden los
procesos difusivos y bioquimicos del CO. involucrados en la fotosintesis tiene gran
relevancia para comprender la fisiologia vegetal. Aunque durante décadas se creia que la
fotosintesis estaba Unicamente limitada por la conductancia estomatica (gs) y por procesos
bioguimicos, actualmente se conoce que la conductancia del mesdéfilo (gm) es también un
rasgo crucial que determina las tasas fotosintéticas tanto en plantas sometidas a algun
estrés, asi como a lo largo de la filogenia de las plantas terrestres. Aunque la naturaleza
especifica de aquellas caracteristicas que mas afectan la gm atin no ha sido completamente
identificada, elementos bioquimicos y estructurales pueden estar involucrados. En cuanto
a los estructurales, se ha demostrado que las caracteristicas anatémicas foliares,
particularmente la superficie de cloroplastos expuesta a espacios aéreos intercelulares
(Sc/S) y el grosor de la pared celular (Tcw), son decisivas determinando la gm. Ademas,
recientemente se ha descrito que el modulo de elasticidad () también influye la gm,
probablemente debido a caracteristicas de la pared celular tales como Tew Yy SU
composicion. Principalmente compuesta por celulosa, hemicelulosas y pectinas, estudios
recientes han sugerido que la composicion de la pared celular también podria tener
especial relevancia determinando la gm Y, por lo tanto, la fotosintesis. Aun asi, esta
relacion ha sido muy poco explorada.

La presente Tesis estd compuesta por un total de ocho articulos que tienen, como
idea principal, explorar la relacién entre la fotosintesis y la composicion de la pared
celular. Asi, dicha Tesis se encuentra dividida en cuatro secciones. En la primera de ellas,
se exploran las posibles correlaciones entre cambios en la composicion de la pared celular
que afecten la gm estudiando una planta modelo sometida a déficit hidrico. En la segunda,
se buscan correlaciones entre cambios de composicion de la pared celular que influyan la
gm habiendo aclimatado varios cultivos a diferentes estreses abioticos. En la tercera parte,
se estudia el efecto de mutaciones especificas en enzimas remoldeadores de pectinas
sobre la gm a partir de plantas mutantes. Finalmente, en la tltima seccion se ha buscado
una relacion entre la fotosintesis y las caracteristicas de la composicion de la pared celular
en el linaje de plantas terrestres mas primitivo.

En conjunto, los resultados obtenidos evidencian la importancia de la composicion
de la pared celular como un factor determinante de la gm Yy, consecuentemente, de la

fotosintesis. A lo largo de la filogenia, la composicion de la pared celular especifica de
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cada grupo también influye la Tcw. Bajo condiciones de estrés abidtico, se ha demostrado
que ocurren modificaciones dinamicas y rapidas en la composicion de la pared celular
que también promueven cambios en otros rasgos funcionales, por ejemplo, las relaciones
hidricas, siendo & un parametro clave. Aunque la naturaleza de algunos de estos cambios
varia de manera particular segun la especie estudiada, se discute el potencial de las
pectinas como componentes méas relevantes de la pared celular que pueden determinar
ajustes en distintos rasgos funcionales bajo condiciones de estrés abidtico. Finalmente, se
comenta cual es el estado actual de las metodologias usadas para estudiar la composicién
de la pared celular con més detalle y también cuales son las perspectivas de futuro para
continuar profundizando en el estudio de como la pared celular influye la gm Yy, por lo
tanto, la fotosintesis.
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Chapter 1

1.- Photosynthesis

Life on Earth depends on energy-rich organic molecules synthetized by photosynthesis.
In most plants, this complex process is performed in highly specialized organelles called
chloroplasts, which are designed to maximize the use of both CO. and light. Thus,
understanding how photosynthesis occurs from a molecular to an ecophysiological
perspective is crucial to elucidate its importance for plant physiology.

During photosynthesis, light energy is captured and converted into chemical
energy in chloroplasts’ thylakoid membranes to be used for CO> fixation in the Calvin-
Benson cycle, which takes place in chloroplasts stroma. In most plant species, these CO>
molecules are incorporated in three-carbon carbonate compounds (Cz) —particularly, 3-
phosophoglycerate— by the action of the Ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) enzyme. The Rubisco double functionality (i.e.,
carboxylase and oxygenase) strongly constrains photosynthesis since oxygenase
reactions provoke photorespiration, resulting in CO2 losses by the plant. Overall,
photosynthesis depends on the CO: capacity to diffuse from the atmosphere to its
carboxylation sites at chloroplasts stroma as well as on the Rubisco velocity to fix carbon
(Gaastra, 1959; Farquhar et al., 1980). Thus, it comprehends both diffusional and
biochemical processes (Farquhar et al., 1980; Flexas et al., 2004, 2012, 2018; von
Caemmerer et al., 2009).

1.1.- The CO2 pathway in photosynthetic organs

During photosynthesis, the diffusional process comprises the pathway that CO> has to
follow from the atmosphere to sub-stomatal cavities to then cross the leaf mesophyll,
finally reaching chloroplasts stroma, where biochemical processes occur by the action of
Rubisco enzyme (Flexas et al., 2004; von Caemmerer et al., 2009). As appreciated in Fig.
1, the first resistance that CO, has to overcome before entering into a leaf from the
surrounding atmosphere is crossing a boundary layer with impaired air turbulence.
Because cuticle and epidermal cells are highly impermeable to CO: diffusion (Boyer et
al., 1997), most CO. molecules diffuse across stomatal pores —in those leaves presenting
stomata— due to a positive gradient of CO, concentration until reaching sub-stomatal
cavities. Stomata are surface foliar apertures that enable CO> entrance in leaves while
restricting H2O losses. They are composed by the guard cells, the subsidiary cells (not

found in all species) and the stomatal pore, which is regulated by guard cells’ turgor
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(Franks and Farquhar, 2007). Both stomata distribution and pore size influence stomatal
conductance (gs), which can be defined for CO, and H20 vapour diffusion (gsc and gsw,
respectively). Since CO, and H>O share an inverse pathway through the stomatal pore,
0scand gsware directly interconnected by the molecular weight of CO2 and H2O molecules,
i.e., Osw/1.6 = gsc (Farquhar and Sharkey, 1982).

co,
¥ . Chloroplast stroma
\\ Chloroplast envelope

'\
* Plasma membrane

Fig. 1. Transversal sections of Helianthus annuus representing the CO, pathway from the
atmosphere to Rubisco carboxylation sites located in chloroplasts stroma. Main
anatomical resistances are shown. For parameters abbreviations, see “Symbols and

abbreviations” section in page “iii” of this Thesis.

From sub-stomatal cavities, CO. enters the leaf mesophyll and overcomes
numerous physical barriers until reaching Rubisco carboxylation sites (Fig. 1). The sum
of all these resistances defines the total efficiency of CO diffusion through
photosynthetic organs, commonly referred as mesophyll resistance, or its inverse,
mesophyll conductance (gm; Evans et al., 1994; Niinemets and Reichstein, 2003;
Terashima et al., 2006; Flexas et al., 2008). CO2 continues diffusing thanks to a strong
positive diffusional gradient through the gaseous phase, which is comprised between the
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sub-stomatal cavities and the surface of mesophyll cell walls. The resistance imposed by
this gaseous phase was typically believed to be low as air exerts a minimum resistance to
CO2 mobility (Evans et al., 2009). However, recent studies have revaluated its importance
limiting gm as changes in leaf thickness (Tiear) and in the fraction of intercellular air spaces
(fias) can influence the tortuosity, the intercellular air spaces connectivity, and the lateral
CO2 conductance (Earles et al., 2018, 2019).

After crossing the gaseous phase, CO2 gets dissolved in the liquid medium of the
cell wall water-filled pores in the liquid phase (Fig. 1), representing one of the major
limitations for gm as CO; diffuses 10.000 times lower in water than in air (Evans et al.,
2009). In fact, several studies have recognized that the cell wall thickness (Tcw) is a major
trait limiting CO- diffusion (Terashimaet al., 2001; Evans et al., 2009; Flexas et al., 2012,
2018; Tosens et al., 2012a, 2015; Tomas et al., 2013; Carriqui et al., 2015, 2019a, 2020;
Peguero-Pina et al., 2017; Veromann-Jirgenson et al., 2017; Gago et al., 2019; Flexas
and Carriqui, 2020). Nonetheless, protein-facilitated processes such as those mediated by
carbonic anhydrases (CAs) may ease CO diffusivity (Cowan, 1986; Price et al., 1994;
Williams et al., 1996; Gillon and Yakir, 2000; Fabre et al., 2007; Pérez-Martin et al.,
2014). From the cell wall, CO> crosses the lipidic bilayer of the plasma membrane,
process that can be facilitated by the presence of aquaporins (AQPs; Terashima and Ono,
2002; Uehlein et al., 2003, 2008; Hanba et al., 2004; Flexas et al., 2006a; Heckwolf et
al., 2011; Li et al., 2014; Sade et al., 2014; Groszmann et al., 2017). Finally, the third
component of the liquid phase constitutes the CO. entrance into the cytosol layer, which
is located between the plasma membrane and the chloroplasts envelope. In fact,
chloroplasts are generally positioned close to cell walls, shortening the diffusion length
through the cytosol (Terashima et al., 2011). Also, their distribution and coverage of the
intercellular air spaces —usually referred as chloroplasts surface area exposed to
intercellular air spaces (S¢/S)— represent another key determinant for gm (Ren et al., 2019).

Finally, chloroplasts constitute the last and major resistance for CO. diffusion,
englobing two components: the chloroplasts double membrane and the stroma (Fig. 1).
Due to the similarities between chloroplasts and plasma membranes, both are assumed to
have similar relevance for CO> diffusivity (Uehlein et al., 2008). However, the presence
of carbonic anhydrases in the chloroplast stroma could facilitate CO> diffusion until
reaching the Rubisco enzyme (Momayyezi and Guy, 2017), which mediates carbon
fixation (Evans et al., 2009; Flexas et al., 2012, 2018).

10
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1.2.- Mesophyll conductance

1.2.1.- Mesophyll conductance as an important determinant of photosynthesis

Early studies focusing on photosynthetic diffusional limitations recognised both stomatal
and mesophyll diffusions (Gaastra, 1959). With the spread of gas exchange analyses as
the most useful techniques for in vivo photosynthesis estimations, mathematical models
were designed for the identification and quantification of photosynthesis limitations that
separated gs from “other limitations”. However, these early models did not distinguish
properly between biochemical components and gm (Sestak et al., 1971). Therefore, CO>
diffusion inside photosynthetic tissues was referred as “internal conductance”, which
combined both diffusional and biochemical components. Neglecting those potential
limitations imposed by the CO: diffusion implies the assumption that the CO:
concentration at the sub-stomatal cavities (Ci) equals that of the chloroplasts stroma (C.),
which in turn assumes that gm is infinite and, thus, it cannot be a photosynthesis
determinant. Hence, during decades, only gs and biochemical processes were considered
as main photosynthesis determinants (Farquhar et al., 1980; Flexas et al., 2012, 2018;
Gago et al., 2020). Nonetheless, with the development of new tools to study in vivo leaf
gas exchange, several studies evidenced that gm is finite (and likely regulated
dynamically), which means that Cc is significantly lower than C; (see, for instance, Loreto
et al., 1992; Epron et al., 1995; Flexas et al., 2002; Ethier and Livingston, 2004). Thus,
new models that allowed for gm estimation were proposed (Evans et al., 1986; Harley et
al., 1992) and, nowadays, they have been widely used to quantify and differentiate the
contribution of both gs and gm from biochemistry, providing robust evidence on how gm
strongly contributes to determine photosynthesis in different species and even under
contrasting environmental conditions (Grassi and Magnani, 2005; Flexas et al., 2018). In
general, it has been shown that gm is the most limiting factor for photosynthesis or a factor
as much limiting as gs and biochemistry, depending on the conditions, the species, and

the phylogenetic group (Galmés et al., 2007; Gago et al., 2019).

1.2.2.- Methodologies for gm estimation

The most widely used techniques for gm calculation combine gas exchange measurements
with carbon isotopic discrimination or chlorophyll fluorescence (Pons et al., 2009). On
the one hand, the isotopic method assumes that **C isotopic discrimination occurs during

the CO; diffusion through the leaf. Hence, the degree of 3CO; discrimination for a given
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condition depends on the ratio between the CO2 concentration at the chloroplasts stroma
and at ambient concentration (i.e., C¢/Ca), from which gm can be calculated (Evans et al.,
1986; Evans, 1989). Nonetheless, *C isotopic discrimination has to be addressed by a
mass spectrometer or by a tunable-diode laser absorption spectroscopy (TDLAS), leading
to different accuracy for gm determination. In this sense, the use of a mass spectrometer
is time-consuming and requires large CO> concentration drawdowns in the cuvette, which
may difficult measurements in leaves with small areas and/or with low photosynthetic
rates (Pons et al., 2009). Nonetheless, the use of TDLAS represents a more accessible,
but less accurate methodology to estimate gm through carbon isotopic discrimination
(Pons et al., 2009).

On the other hand, the variable J method, which combines gas exchange and
chlorophyll fluorescence measurements, is the most widely used model for gm
determination. This mathematical method, firstly proposed by Di Marco et al. (1990) and
then modified by Harley et al. (1992), allows for the calculation of gm at a given Ci. Also,
it represents the most robust model to calculate low gm values. However, accurate
measurements of the electron transport rate (ETR) under low O conditions (Valentini et
al., 1995) as well as proper estimations of the light respiration (Riignt) are necessary for
reliable gm estimations, which also depend on the knowledge of the CO, compensation
point in the absence of respiration (7*; Pons et al., 2009).

The curve fitting method represents an alternative model to estimate gm that is
only based on gas exchange measurements (Ethier and Livingston, 2004; Sharkey et al.,
2007). This method relies on the estimations of net CO2 assimilation (An) and C; through
a wide range of CO. concentrations. With previous knowledge of Rubisco catalytic
constants and Riight, complete An/Ci curves are used to obtain the maximum velocity of
carboxylation (Vcmax), the maximum electron transport rate (Jmax) and gm. Thus, this model
requires a precise differentiation between the Rubisco and the ribulose-1,5-bisphosphate
(RuBP) regeneration limited regions along the An/Ci curve for correct gm estimations.
Nonetheless, the degree of accuracy of this model is presumably lower than that of the
other two methods explained above and it assumes that gm is constantly maintained along
changes in CO> concentrations (Pons et al., 2009).

Finally, anatomical models for gm estimation are completely independent from gas
exchange measurements as they are exclusively based on foliar anatomical characteristics
(Tosens et al., 2012a; Tomas et al., 2013). See section 2.1 for a detailed description of

the assumptions and potential errors of these models.
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2.- Structural determinants of mesophyll conductance

2.1.- Leaf anatomical traits

Intercellular air spaces in the liquid phase represent the first resistance to CO2 diffusion
inside photosynthetic tissues, being determined by Tiear, fias, and both stomatal density and
distribution (see section 1.1. for more detail). Even though it is possible that the gaseous
phase resistance plays an important role determining gm (Earles et al., 2018, 2019), it has
been traditionally ignored because air imposes a minimum resistance to CO2 movement
(Evans et al., 2009).

After diffusing through intercellular air spaces, CO> dissolves in the apoplastic
water of the cell wall surface according to its thickness, porosity, and tortuosity
characteristics (Evans et al., 2009). Despite that the relevance of cell wall porosity and
tortuosity influencing CO: diffusion is still under debate, the negative relationship
between Tcw and gm has been widely demonstrated (Flexas et al., 2012, 2018; Tomas et
al., 2013; Carriqui et al., 2015, 2019a, 2020; Tosens et al., 2015; Peguero-Pina et al.,
2017; Veromann-Jirgenson et al., 2017; Gago et al., 2019; Flexas and Carriqui, 2020).
Additionally, because of the low CO: diffusion in the liquid phase, the shortest pathway
is the most effective and consists in crossing S¢/S (Terashima et al., 2011). Thus, many
studies reported a positive correlation between gm and S¢/S (Tholen et al., 2008; Galmés
et al., 2011; Terashima et al., 2011; Tosens et al., 2015; Xiong et al., 2016; Carriqui et
al., 2019a). These changes in both Tew and S¢/S affecting gm can occur due to
modifications in environmental conditions (Tholen et al., 2008; Galmés et al., 2013),
nutrients supply (Xiong et al., 2015; Barbour and Kaiser, 2016; Ruiz-Vera et al., 2017;
Shrestha et al., 2018; Singh and Reddy, 2018) or because of species-specific
particularities (Tosens et al., 2012a, 2015; Tomas et al., 2013; Carriqui et al., 2015,
2019a, 2020; Veromann-Jurgenson et al., 2017).

Since it was demonstrated that gm is influenced by leaf anatomical characteristics,
mathematic one-dimensional models were designed to estimate gm from foliar anatomical
traits (Tosens et al., 2012a; Tomas et al., 2013). Even though that these models contain
several inputs that are calculated from light and transmission electron microscopy
pictures, they do not integrate the effect of various foliar CO2 sinks and sources. For
instance, whilst cellular and sub-cellular membranes present bonded proteins with a
specific shape and size that may reduce the area for CO diffusion, they can also contain
specific structures such as AQPs and CAs that ease CO; diffusion (Evans et al., 2009;

13
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Groszmann et al., 2017; Flexas et al., 2018). Furthermore, thylakoid membranes, starch
granules, and mitochondria may also influence CO. diffusion, but they are not considered
in these models (Flexas et al., 2018). Additionally, many parameters included in these
models such as the effective cell wall porosity, the CO> diffusion viscosity, and the
effective pathway length of CO> diffusion are based on assumptions rather than on
empirical measurements as they cannot be estimated precisely yet. Together with the
simplification of the complexity of a three-dimensional organ, all these facts induce
incertitude to these models (Flexas et al., 2018). Nonetheless, some recent studies have
proposed preliminary three-dimensional models to estimate gm in @ more accurate way,
being especially complex from a mathematic perspective (Ho et al., 2016; Xiao and Zhu,
2017; Earles et al., 2018; 2019).

2.2.- Leaf elasticity

The bulk modulus of elasticity (¢) —a parameter commonly obtained from pressure-
volume (P-V) curves— represents the elasticity (or rigidity) of foliar tissues (Bartlett et al.,
2012) and could be associated with the total amount of cell wall (Niinemets, 2001).
Although the mechanistic basis of & regulation and/or acclimation to specific
environmental stresses remains unclear, some studies have suggested that it could be
affected by cell wall properties such as thickness (Peguero-Pina et al., 2017) and
composition (Corcuera et al., 2002; Moore et al., 2008; Alvarez-Arenas et al., 2018;
Miranda-Apodaca et al., 2018), which in turn may influence gm. In this sense, Nadal et
al. (2018) demonstrated that € is an important parameter linking foliar traits with
photosynthesis due to a common mechanistic basis. Specifically, they performed a meta-
analysis and found a negative correlation between € and gm Which was fitted from ferns
to angiosperms. Particularly, crops presented the highest photosynthesis with the lowest
¢ (i.e., more elastic leaves), which indicates low drought tolerance. On the other hand,
ferns achieved the lowest photosynthetic rates among the tested species, but presented the
highest leaves rigidity, being associated to the prevention of leaf damage during
dehydration (Balsamo et al., 2003). Nonetheless, this trade-off between € and gm is not
extended to lycophytes and bryophytes since they present low photosynthesis and low ¢
(Perera-Castro et al., 2020a). However, when plotting all the data for vascular and non-
vascular plants, it was shown that € regulated photosynthesis reduction during desiccation
in those species presenting an active or passive stomatal regulation as well as in those
lacking stomata.

14
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3.- The plant cell wall

3.1.- First evidences

Even though the first reference on the plant cell wall was done by Gardiner (1900), those
studies focusing on cell wall carbohydrates chemistry were first performed by Haworth
et al. (1934), Hirst and Jones (1938, 1939) and Haworth (1946). From the 1960s, the cell
wall chemistry has been an active area of research (see, for instance, Wardrop, 1962;
Nevins et al., 1967; Jones, 1970; Keegstra et al., 1973; Harris and Hartley, 1976).
Nowadays, several aspects are known regarding the plant cell wall, a complex and
dynamic three-dimensional structure composed by several types of polysaccharides,
phenolic compounds, structural proteins and other small molecules, which acts as the first
physical barrier that faces those biotic and abiotic stresses occurring during plants life
(Somerville et al., 2004; Cosgrove, 2005, 2018; Sarkar et al., 2009; Keegstra, 2010;
Tenhaken, 2015; De Lorenzo et al., 2019; Anderson and Kieber, 2020; Yokoyama, 2020).
As a consequence of distinct turgor pressure-driven processes taking place during cells
growth, different degrees of water uptake promote changes in the physiochemical
interactions between cell wall components leading to modifications in wall mechanical
properties that affect cells” shape and size at each developmental stage, ultimately,
defining plants morphology and growth (McCann and Roberts, 1992; Carpita and
Gibeaut, 1993; Carpita and McCann, 2002; Somerville et al., 2004; Sarkar et al., 2009;
Tenhaken, 2015; De Lorenzo et al., 2019; Anderson and Kieber, 2020; Lundgren and
Fleming, 2020; Yokoyama, 2020).

3.2.- General traits of cell wall physicochemical composition

Prevailing models suggest that cell walls are compounded by three types of layers: the
middle lamella and the primary and secondary walls. The middle lamella is originated
after the cell mitosis by the synthesis of a barrier between the two nuclei. When these
cells are independent, the primary cell wall —~which is relatively thin and flexible— is
deposited and continues being synthetized during cell growth, expansion, and division.
Finally, secondary walls are internally deposited in some types of primary walls providing
strength and rigidity to those tissues that are no longer growing, presenting a specific
composition according to cells’ function (Cosgrove, 2005; Popper, 2008; Keegstra, 2010;
Tucker et al., 2018). Although each land plant lineage presents specific particularities

regarding cell wall composition (see section 7 for more detail), most research has been
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specifically focused on primary cell walls (see Fig. 2), which are mainly compounded by
cellulose, hemicelluloses and pectins, being cellulose the most abundant polysaccharide
(Carpita and Gibeaut, 1993; Carpita and McCann, 2002; Somerville et al., 2004;
Cosgrove, 2005; Sarkar et al., 2009; Tenhaken, 2015; De Lorenzo et al., 2019; Anderson
and Kieber, 2020; Lundgren and Fleming, 2020; Yokoyama, 2020). Cellulose consists in
a few hundred to over 10.000 residues of (1,4)-linked-B-D-glucose chains interacting by
hydrogen bonds forming long, insoluble, and unbranched crystalline microfibrils
(Somerville et al., 2004; Cosgrove, 2005, 2018; Keegstra, 2010; Anderson and Kieber,
2020). Between those closely packed microfibrils, hemicelluloses are deposited by the
enzymatic action of expansins and xyloglucan endotransglucosylases/hydrolases (XTH)
by non-covalent hydrogen bonds, providing strength to the wall (Cosgrove, 2005;
Keegstra, 2010; Tenhaken, 2015; Lundgren and Fleming, 2020; Yokoyama, 2020).
Particularly, hemicelluloses comprise non-cellulosic neutral sugars such as glucose,
galactose, mannose, xylose, arabinose and rhamnose, some of which are decorated with
complex side chains (Somerville et al., 2004; Cosgrove, 2005; Popper, 2006; Sgrensen et
al., 2010; Anderson and Kieber, 2020). Thus, this enzymatic cross-linking between
cellulose and hemicelluloses constitutes a strong but extensible network that prevents
cellulose aggregation facilitating cell wall expansion, specially, during growth
(Somerville et al., 2004).

Due to interactions between pectins and cellulose (Dick-Pérez et al., 2011), this
cellulose-hemicelluloses network is embedded within a pectin matrix that is thought to
regulate several cell wall properties, such as porosity, flexibility, thickness, microfibril
spacing, hydrophilic state and ion balance (Carpita and Gibeaut, 1993; Carpita and
McCann, 2002; Cosgrove, 2005; Leucci et al., 2008; Moore et al., 2008, 2013; Solecka
et al., 2008; Voragen et al., 2009; Ochoa-Villarreal et al., 2012; Schiraldi et al., 2012;
Tenhaken, 2015; Houston et al., 2016; Rui and Dinneny, 2019; Yokoyama, 2020).
Particularly, pectins englobe a complex and heterogeneous group of acidic
polysaccharides deposited in early stages of the cell expansion and consist in distinct
domains covalently bonded forming a hydrated gel (Cosgrove, 2005; Voragen et al.,
2009; Tucker et al., 2018). These acidic polysaccharides are rich in galacturonic acid
(GalA) residues, which can be distinguished in four different main polymers according to
their backbone chemical structure: rhamnogalacturonans types 1 and 2 (RG-I and RG-I,
respectively), xylogalacturonans (XGA) and homogalacturonans (HG) (Carpita and
McCann, 2002; Cosgrove, 2005; Pelloux et al., 2007; Caffall and Mohnen, 2009;
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Voragen et al., 2009; Keegstra, 2010; Sgrensen et al., 2010; Atmodjo et al., 2013; Tucker
et al., 2018; De Lorenzo et al., 2019; Haas et al., 2020; Palacio-Ldpez et al., 2020).
Briefly, RG-I consist in altern GalA and rhamnose residues presenting additional side
chains; RG-I1 are complex polysaccharides with extremely diverse side chains linked to
HG backbones; XGA are specific types of HG that can be modified by the addition of
xylose branches; and HG present linear chains of more than 200 a-(1,4)-linked GalA
residues that are secreted to the cell wall in a highly methyl-esterified form (70-80%)
(Carpita and McCann, 2002; Cosgrove, 2005; Pelloux et al., 2007; Caffall and Mohnen,
2009; Guénin et al., 2017; Haas et al., 2020; Palacio-Lopez et al., 2020). Of the previous,
HG are the most abundant pectin components, and are believed to be the responsible of
the maintenance of an appropriated hydric status of the pectin matrix (Guénin et al., 2017;
Cosgrove, 2018; De Lorenzo et al., 2019; Anderson and Kieber, 2020; Haas et al., 2020).

Middle lamella

Primary
cell wall
Plasma membrane
Cellulose microfibril Hemicelluloses Pectins Bound phenols Proteins

Fig. 2. Schematic representation of a primary plant cell wall architecture and composition.

Besides the cell wall components explained above, lignins represent other major
wall compounds placed in secondary walls (Sarkar et al., 2009; Terrett and Dupree, 2019;
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Anderson and Kieber, 2020). They are complex hydrophobic polyphenolic compounds
presenting a specific chemical composition which quantity depends on the cell
developmental stage and location, as well as on the presence of environmental stresses
(Fry, 1979; Wallace and Fry, 1994; Campbell and Sederoff, 1996; Terrett and Dupree,
2019; Anderson and Kieber, 2020). Interestingly, it has been described that
hemicelluloses and lignins are covalently cross-linked in the plant cell wall, influencing
its strength, flexibility, and extensibility (liyama et al., 1994; Wallace and Fry, 1994; Fan
et al., 2006; Sarkar et al., 2009; Terrett and Dupree, 2019).

Additionally, plant cell walls also contain minor compounds which may play a
key role defining its characteristics in specific developmental stages and during biotic
and/or abiotic stresses (Fry, 1979; Carpita and Gibeaut, 1993; Wallace and Fry, 1994;
Carpita and McCann, 2002; Cosgrove, 2005; Sarkar et al., 2009; Anderson and Kieber,
2020). For instance, in Fig. 2 it is shown that some cell wall bound phenolics can be
covalently linked to main cell wall compounds -specifically, pectins and/or
hemicelluloses (Fry, 1979, 2004)—, decreasing wall porosity (Wallace and Fry, 1994) and
enhancing its rigidity when high amounts are deposited (Fry, 1979). Moreover, the
presence of highly diverse proteins associated to the primary cell wall may determine its
properties due to their interaction with polysaccharides (Carpita and McCann, 2002;
Novakovi¢ et al., 2018). For example, it has been proposed that extensins may alter the
interactions between cellulose and hemicelluloses by non-enzymatic activity (Anderson
and Kieber, 2020), affecting cell wall mechanical properties (Cosgrove, 2005; Popper,
2008). However, the functional characterization of each specific protein remains to be
further investigated as they belong to a large gene family (Novakovi¢ et al., 2018;
Anderson and Kieber, 2020).

4.- Photosynthesis under abiotic stress: the role of gm

During their whole life, plants can be exposed to sub-optimal conditions that limit their
growth. Thus, they have developed anatomical, biochemical, morphological, and
physiological strategies that enable their adaptation and acclimation to guarantee their
survival (Le Gall et al., 2015; Novakovi¢ et al., 2018). Among them, gm adjustments are
recognized as relevant traits determining photosynthetic responses under non-favourable
environmental conditions. Whilst gm has been shown to respond to environmental

conditions such as changes in light intensity (Hanba et al., 2002; Niinemets et al., 2009;
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Douthe et al., 2011, 2012; Tosens et al., 2012b; Xiong et al., 2015; Carriqui et al., 2019b)
and in CO> concentrations (Bernacchi et al., 2005; Flexas et al., 2007; Vrabl et al., 2009;
Tazoe et al., 2011; Crous et al., 2013; Singh et al., 2013; Xiong et al., 2015; Carriqui et
al., 2019b), among others, we will focus on the two mostly used stresses along the present
Thesis given their importance under a climate change scenario, i.e., water deficit stress

and changes in leaf temperature (Lipiec et al., 2013; Nadal and Flexas, 2019).

4.1.- Mesophyll conductance response to water deficit stress

Together with cell growth, photosynthesis is among the first processes to be affected by
water deficit stress. Even though the intensity, duration and progression of the stress
determine plant responses to water deprivation (Chaves et al., 2003, 2009),
photosynthesis is affected during dehydration progression due to the loss of the
rehydration capacity in the damaged tissues and the loss of the photochemical apparatus
under extreme dehydration.

Stomatal closure in response to leaf turgor reductions because of decreased
amounts of water in cells and/or due to drought-induced hormonal regulation is the first
event limiting photosynthesis from mild to moderate levels of water deficit stress. In most
cases, photosynthesis is almost stopped by stomatal closure before the appearance of
metabolic disruptions (Flexas et al., 2004). Although both short-term (i.e., from minutes
to hours) and long-term (i.e., from weeks to months) water deficit stress application
evidenced that gm decreases concomitantly with gs in many plant species (Grassi and
Magnani, 2005; Flexas et al., 2006b, 2009; Diaz-Espejo et al., 2007; Galmés et al., 2007;
Gallé et al., 2009, 2011), Bunce (2009) reported that gm was not reduced until gs declined
by up to 90%. These reductions in gm may be linked to physical alterations in the structure
of intercellular spaces due to leaf shrinkage, to biochemical alterations (bicarbonate to
CO2 conversion) and/or to alterations in membrane permeability (aquaporins) (Chaves et
al., 2009). Additionally, whereas some studies performed under water shortage conditions
reported that common anatomical modifications affecting gm involve reduced fiss and
chloroplasts size while increasing Tcw (Niinemets et al., 2009; Poorter et al., 2009; Galmes
et al., 2013), Tomas et al. (2014) could not relate gm reductions to anatomical alterations
in water-stressed vines.

Regardless of those changes occurring in a particular species, water deficit stress
promotes a decline in the CO2 supply to the Rubisco enzyme because of a reduction in

both diffusive conductances. Furthermore, gm recovered slowly after rewatering in some
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studies, being probably related to species-specific characteristics as well as to particular
environmental conditions, contributing to limited photosynthesis during drought cycles
(Flexas et al., 2009; Gallé et al., 2009, 2011). Additionally, decreased gm and gs under
water deprivation have important implications since the gm/gs ratio is positively correlated
with the intrinsic water use efficiency (WUE;; Flexas et al., 2013a). Thus, whereas the
Om/Qs ratio has been proposed as a key trait to simultaneously improve photosynthesis and
WUE:; in those crops prone to be drought-affected (Flexas et al., 2015), the mechanistic
basis of gm/gs regulation under water deficit stress remains largely unknown (Flexas et
al., 2018).

4.2.- Mesophyll conductance response to changes in leaf temperature

Photosynthesis is highly affected by temperature variations (Yamori et al., 2014).
Although different gs patterns have been recognized as photosynthetic determinants
during the acclimation to contrasting temperatures (Sage and Kubien, 2007), the role of
Om has been traditionally neglected. However, some studies evidenced that gm increases
from low to high temperatures, but with different slopes and/or behaviours once a
maximum temperature is achieved (Bernacchi et al., 2002; Pons and Welschen, 2003;
Yamori et al., 2006; Flexas et al., 2008; Scafaro et al., 2011; Evans and von Caemmerer,
2013; von Caemmerer and Evans, 2015; Xiong et al., 2015). On the one hand, Yamori et
al. (2006) proposed a potential role of gm limiting photosynthesis at warmer temperatures
in spinach acclimated to cold. Particularly, they showed that the optimum temperature for
Om depended on the growth temperature, being 25°C and 20°C for plants grown at
day/night temperatures of 30/25°C and 15/10°C, respectively. These results were further
corroborated by Flexas et al. (2008), who reported that Brassica oleracea plants
developed at 5°C presented 300-folds lower gm than those grown at 20°C. Similarly, gm
increased exponentially while enhancing the temperature from 10°C to 35°C in tobacco,
but decreased thereafter (Bernacchi et al., 2002). Nonetheless, von Caemmerer and Evans
(2015) proposed that gm responses to temperature seem to be species-specific since they
found large gm variations subjecting some species from 15°C to 40°C, whilst it was almost
maintained in others over the same temperature ranges. However, only Pons and
Welschen (2003) observed that gm was reduced while increasing the temperature from 28

to 38°C in Eperua grandiflora.
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5.- Cell wall composition rearrangements under abiotic stress

Even though several studies have described how changes in cell wall composition occur
due to the imposition of distinct environmental stresses testing different species (see, for
instance, Sweet et al., 1990; Kubacka-Z¢balska and Kacperska, 1999; Vicré et al., 1999,
2004; Bray, 2004; Moore et al., 2006, 2008, 2013; Leucci et al., 2008; Solecka et al.,
2008; Hura et al., 2009, 2012; Suwa et al., 2010; Carvalho et al., 2013; Domon et al.,
2013; Baldwin et al., 2014; Zheng et al., 2014; Clemente-Moreno et al., 2019; Nadal et
al., 2020), those specific cell wall alterations promoted by a particular stress are not
completely understood (Le Gall et al., 2015; Tenhaken, 2015; Rui and Dinneny, 2019).
In this section, we will focus on those cell wall modifications attributed to the mostly
studied abiotic stresses along this Thesis, i.e., water deficit stress and heat, which coincide
with those conditions mainly imposed by the climate change (Lipiec et al., 2013; Nadal
and Flexas, 2019).

5.1.- Water deficit stress

The effect of water deficit stress modifying cell wall composition has been studied in
different angiosperms (Sweet et al., 1990; Vicré et al., 1999, 2004; Bray, 2004; Moore et
al., 2006, 2008, 2013; Zheng et al., 2014; Clemente-Moreno et al., 2019; Nadal et al.,
2020). From their results, species-specific adjustments in both cellulose and
hemicelluloses contents were observed, suggesting that changes in these components may
depend on the plant age, the studied tissue, and/or the level of water deprivation. For
instance, Bray (2004) found decreased cellulose content submitting Arabidopsis to
drought, whilst Nadal et al. (2020) did not report changes in cellulose amounts in water-
stressed Arbutus unedo. Nonetheless, Sweet et al. (1990) and Clemente-Moreno et al.
(2019) showed cellulose increasing after acclimating vines and tobacco, respectively, to
water deprivation. In cotton, encoding genes for cellulose biosynthesis increased after
drought exposition, suggesting potentially higher cellulose biosynthesis (Zheng et al.,
2014). Similarly, hemicelluloses have been found to either increase (Vicreé et al., 1999),
decrease (Sweet et al., 1990) or stay constant (Clemente-Moreno et al., 2019; Nadal et
al., 2020) after water shortage application. Specifically, Vicré et al. (2004) reported
changes in non-cellulosic neutral sugars in dry leaves of the resurrection plant
Craterostigma wilmsii, which decreased glucose content and replaced xyloglucan by
galactose after desiccation.
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Despite of this varying behaviour for both cellulose and hemicelluloses, more
agreement is found regarding pectins as their increasing under water-limiting conditions
plays a crucial role modulating the cell wall hydric status (Vicré et al., 1999, 2004; Moore
et al., 2006, 2008, 2013; Leucci et al., 2008; Tenhaken, 2015; Novakovi¢ et al., 2018;
Clemente-Moreno et al., 2019; Rui and Dinneny, 2019), specially due to alterations in
the degree of HG methylesterification (Leucci et al., 2008). Interestingly, Vicre et al.
(1999, 2004) and Moore et al. (2006, 2008, 2013) evidenced the dynamics of those
changes occurring in the cell wall pectin fraction testing resurrection plants subjected to

various cycles of water deficit stress followed by rehydration.

5.2.- Heat stress

Despite that the cell wall is not the main structure affected by a heat exposition (Le Gall
et al., 2015), some studies have demonstrated that it can be altered at distinct levels.
Particularly, the cell wall gene expression was modified due to high temperature in
Brassica rapa, suggesting that specific genes may be related to the acquisition of
thermotolerance (Yang et al., 2006). In Agrostis spp., expansins were up-regulated at
40°C, evidencing their relevance increasing the cell wall elasticity during a heat
exposition in order to maintain the cellular functionality (Xu et al., 2008). Additionally,
Lima et al. (2013) detected a decrease of around 50% and an increase of 40% in pectins
and hemicelluloses contents, respectively, testing coffee plants subjected to 37°C.
Furthermore, they demonstrated that lignins synthesis was also altered because of high
temperature, which leaded to changes in their chemical structure. However, modifications
in the cell wall composition after heat acclimation seem to be species-specific (Le Gall et
al., 2015).

6.- Photosynthesis through land plants’ phylogeny: the role of gm

During the colonization of terrestrial ecosystems by plants, they developed numerous
mechanisms and/or structures that ensured the maintenance of an appropriated degree of
hydration and functionality of the photosynthetic structures in the dry atmosphere.
Overall, these structures have been related with the development of water conducting
tissues and with the water use efficiency regulation by the appearance of cuticles, stomata,
and foliar mesophylls (Brodribb et al., 2009; Brodribb and McAdam, 2011; Ducket and

Pressel, 2018). Due to these evolutionary adaptations, a tendency to increase the
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photosynthetic capacity from early non-vascular plants (i.e., bryophytes) to angiosperms
(the most modern plant group) appeared. Even though the relevance of gs determining
this enhanced photosynthetic capacity along land plants’ phylogeny has been well
established thanks to the current knowledge regarding stomata appearance and evolution
(Brodribb et al., 2009; Brodribb and McAdam, 2011), the importance of gm has been
recently elucidated (Flexas et al., 2018; Gago et al., 2019; Flexas and Carriqui, 2020).
Thus far, numerous studies have reported gm values in several spermatophytes,
i.e., angiosperms and gymnosperms (see, for instance, Rho et al., 2012; Flexas et al.,
2013b; DaMatta et al., 2016; Veromann-Jirgenson et al., 2017; Carriqui et al., 2020).
However, less gm values have been described for ferns (Volkova et al., 2009; Gago et al.,
2013; Carriqui et al., 2015; Tosens et al., 2015) and even less for bryophytes due to
technical difficulties for their measurement (Williams and Flanagan, 1998; Meyer et al.,
2008; Hanson et al., 2014). Nonetheless, by the improvement of gas exchange systems,
recent studies have provided gm values for many moss species (Carriqui et al., 2019a;
Perera-Castro et al., 2020b). When pooling all this data together, gm follows a clear
phylogenetic trend, from the lowest values in bryophytes to the largest in angiosperms
(Gago et al., 2019; Flexas and Carriqui, 2020). Within angiosperms, gm also differs
among growth forms and leaf types. Hence, the highest gm values are found in non-woody
angiosperms, particularly, grasses and herbs (around 0.40 and 0.30 mol CO; m? s7,
respectively; Flexas et al., 2008). They are followed by semi-deciduous and deciduous
shrubs and trees, whereas the lowest gm values within angiosperms correspond to
evergreen shrubs and trees, which present similar gm values than conifers (0.15 mol CO-
m2 s, approximately; Flexas et al., 2008). In ferns, gm values are two- and seven-folds
lower than the averaged gm for conifers and grasses, respectively. Additionally, even
within ferns and ferns allies, significant variability has been detected since horsetails
achieve the highest gm whilst lycophytes present the lowest (Tosens et al., 2015; Flexas
et al., 2018). Finally, the lowest gm values along land plants’ phylogeny are found in
bryophytes (i.e., mosses, liverworts, and hornworts), non-vascular plants presenting from
10 to 16-folds lower gm than grasses (Carriqui et al., 2019a; Flexas and Carriqui, 2020).
The photosynthetic characterization through land plants’ phylogeny has enabled
the analysis of those photosynthetic limitations much more affecting each land plant
lineage (Gago et al., 2019). Thus, another phylogenetic tendency is observed regarding
photosynthetic limitations (Gago et al., 2019). Mesophyll conductance limitation (Im)

predominantly restrains photosynthesis in bryophytes and in eusporangiate ferns
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(lycopodiophytes, equisetophytes and psilophytes), whereas both stomatal conductance
limitation (Is) and Im co-determine photosynthesis in more modern ferns (i.e.,
leptosporangiates) and gymnosperms, achieving a balanced co-regulation by Is, Im and

biochemical limitation (ly) in angiosperms.

7.- Cell wall composition along land plants’ phylogeny

Although the cell wall composition is relatively conserved along land plants’ phylogeny
(Sarkar et al., 2009; Popper and Tuohi, 2010; Sgrensen et al., 2010; Popper et al., 2011),
specific changes in its architecture and chemical composition have been described
comparing distinct land plants lineages (Popper and Fry, 2003; Niklas, 2004; Popper,
2008; Sarkar et al., 2009; Serensen et al., 2010; Popper et al., 2011). These main
differences and/or particularities are found in Table 1 and have leaded to the
establishment of three main types of primary cell walls (Carpita, 1996; Carpita and
McCann, 2002; Sarkar et al., 2009; Silva et al., 2011).

7.1.- Bryophytes

Just a few studies have focused on the cell wall composition of bryophytes (mosses,
liverworts, and hornworts), showing that they contain high amounts of cellulose, pectins
and hemicelluloses, specifically, mannose (Popper and Fry, 2003; Sarkar et al., 2009;
Popper et al., 2011; Roberts et al., 2012). Even though that their hemicelluloses are
chemically different to that of angiosperms due to the presence of distinct enzymes, their
high amounts could be indicative of cell wall fortification in comparison to algae
ancestors (Popper and Fry, 2003; Pefia et al., 2008; Sarkar et al., 2009; Sgrensen et al.,
2010). Similarly, an increasing in pectins content —particularly, in the amounts of GalA—
has been linked to desiccation avoidance mechanisms, which could be of crucial
importance given the poikilohydry exhibited by most of them (Popper and Fry, 2003;
Sarkar et al., 2009). Additionally, it has been suggested that RG-I and RG-Il were
originated during the transition from water to land in order to increase the cell wall
strength (Matsunaga et al., 2004; Niklas et al., 2004; Sgrensen et al., 2010). Particularly,
RG-II cross-linking is believed to play a key role defining bryophytes’ pectin matrix
properties (Matsunaga et al., 2004). Despite bryophytes do not contain lignin, lignin-like
polymers have been described in some moss species (Popper and Fry, 2003; Ligrone et
al., 2008; Sarkar et al., 2009; Xu et al., 2009).
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Table 1. Main distinctive cell wall traits of each land plant lineage.

Plant groups

Cell wall characteristics

Bryophytes

High amounts of cellulose and hemicelluloses
(particularly, mannose).

High pectins proportion (specially, GalA).

Origination of RG-I and RG-II, the later defining pectin
matrix properties.

Lignin-like polymers in some species.

Primitive species with lower amounts of mannose,

glucuronic acid, and GalA than more modern species.

Ferns

Eusporangiates

- Higher mannans and lower pectins amounts in

primary cell walls than leptosporangiates.

Leptosporangiates

Type I cell walls

- Presence of lignins in some species.

- The highest tannins abundance along terrestrial
phylogeny.

Spermatophytes

Gymnosperms

Type | cell walls

- XG cross-linking cellulose.

- XG contain more fucose side chains than previous
plant groups.

- RG-II residues are less methylated than in previous
plant groups.

- Lignins abundance in secondary cell walls.

Dicotyledonous

Type | cell walls

- Cell walls similar to those of gymnosperms, but

with less lignins in secondary cell walls.

Angiosperms

Commelinoid monocotyledonous

Type Il cell walls

- Larger amounts of cellulose and hemicelluloses
than dicotyledonous.

- Significant reductions of pectins and structural
proteins.

- Low XG amounts.

- GAX s the main polymer cross-linking cellulose.

- Grasses also contain high quantities of mixed-
linked (1—-3),(1—4)p-D-glucans and phenolic

polymers.
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Even within bryophytes, some differences regarding cell wall composition have
been observed analysing primitive and more modern species (Popper and Fry, 2003). For
instance, low amounts of mannose and both glucuronic and galacturonic acids were
quantified in primitive mosses presenting a simple vegetative structure, which could
represent a less complex cell wall architecture as compared with more modern species
(Popper and Fry, 2003).

7.2.- Ferns

Within terrestrial plants, ferns (or pteridophytes) —which can be divided in eusporangiates
(lycopodiophytes, equisetophytes and psilophytes) and leptosporangiates (more modern
ferns) (Popper, 2006; Sarkar et al., 2009)- present a specific cell wall composition,
commonly referred as Type Il cell walls (Popper and Fry, 2003, 2004; Popper, 2006;
Silva et al., 2011). Even though that ferns may present significant differences in cell wall
composition considering primary or secondary walls (Sarkar et al., 2009), their cell walls
are mainly characterized to contain large quantities of mannans and low pectins amounts
(Silva et al., 2011). These cell wall particularities are even more pronounced in
eusporangiates since they contain more mannan-rich primary cell walls with lower
pectins content than leptosporangiates (Popper and Fry, 2003, 2004; Popper, 2006; Silva
etal., 2011). Nonetheless, lignin has been detected in some leptosporangiates, which may
reflect an increasing of the cell wall mechanical strength due to larger complexity of the
plant body (Wallace and Fry, 1994; Popper and Fry, 2004; Sarkar et al., 2009).
Additionally, leptosporangiates present the highest tannins amounts along terrestrial
plants groups (Popper and Fry, 2004; Popper, 2006; Sarkar et al., 2009).

7.3.- Spermatophytes

7.3.1.- Gymnosperms

Together with dicotyledonous angiosperms, gymnosperms possess Type | cell walls,
being characterized by cellulose cross-linked to hemicelluloses —mainly xyloglucans
(XG)—, embedded in a pectin matrix (Carpita and Gibeaut, 1993; Carpita, 1996; Carpita
and McCann, 2002; Anderson and Kieber, 2020). However, in comparison to the previous
phylogenetic groups explained above, XG contain a higher number of fucose side chains
and RG-Il domains are less methylated (Popper and Fry, 2004; Sarkar et al., 2009).

Finally, one of the main characteristics of gymnosperms’ cell walls is that they present
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large amounts of lignins in secondary walls, which are involved in providing mechanical
strength to tall trees (Sarkar et al., 2009).

7.3.2.- Angiosperms

Within angiosperms, the cell wall composition varies considering dicotyledonous and
commelinoid monocotyledonous species (Carpita and Gibeaut, 1993; Carpita, 1996;
Carpita and McCann, 2002; Popper, 2006; VVogel, 2009; Sgrensen et al., 2010). Whereas
dicotyledonous possess Type I cell walls, commelinoid monocotyledonous (i.e., grasses,
rushes, gingers, and sedges) present Type Il cell walls, being characterized by even higher
amounts of both hemicelluloses and cellulose with significant reductions of pectins —
presenting a similar physicochemical structure of that of dicotyledonous— and structural
proteins (Carpita and Gibeaut, 1993; Carpita, 1996; Cosgrove, 1997; Carpita and
McCann, 2002; Popper, 2006; Anderson and Kieber, 2020). Even though Type 11 cell
walls contain lower amounts of XG as compared to Type I, the number of XTH genes for
xyloglucans modification found in grasses is close to that of dicotyledonous (Popper,
2008). This fact supports the idea that, while grasses apparently have the genetic capacity
to form XG-rich cell walls, these genes probably remain inactive (Sarkar et al., 2009).
Instead, the principal polymer cross-linking cellulose microfibrils in commelinoid
monocotyledonous is glucuronoarabinoxylan (GAX; Carpita and Gibeaut, 1993; Carpita,
1996; Carpita and McCann, 2002). In addition to GAX, grasses (i.e., family Poaceae)
represent a specific group within commelinoid monocotyledonous as they also
accumulate large quantities of mixed-linked (1—3),(1—4)4-D-glucans (Carpita and
Gibeaut, 1993; Carpita, 1996; Carpita and McCann, 2002). Furthermore, grasses’ cell
walls are enriched by phenolic substances such as ferulic and coumaric acids (Hartley,
1973; Harris and Hartley, 1976; Hartley and Jones, 1977; Carpita and Gibeaut, 1993;
liyama et al., 1994; Carpita, 1996; Carpita and McCann, 2002).

8.- Evidences of cell wall composition impacting gm

Despite that the potential implication of cell wall composition determining photosynthesis
—specifically, via gm adjustments— has been proposed (Gago et al., 2020; Flexas et al.,
2021), this field remains largely unexplored. However, Weraduwage et al. (2016) showed
that pectin methylesterases (PME) suppression —i.e., an alteration of the functionality of

a specific pectin remodelling enzyme (PRE)- in double Arabidopsis mutants reduced the
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CO. uptake, thus, diminishing photosynthesis. This result leaded to the suggestion that
specific PME activity could modulate mesophyll cell wall properties and, consequently,
Om (Lundgren and Fleming, 2019). Nonetheless, only the study by Ellsworth et al. (2018)
evidenced significant gm declines in Oryza sativa mutant genotypes exhibiting alterations
in mixed-linked glucans. Particularly, mutants presented gm reductions of around 83% as
compared to wild-type genotypes, being 28% of this reduction attributed to anatomical
alterations —specifically, in Sc/S—, whilst the rest was influenced by cell wall properties
that modified CO. diffusivity. More recently, Zhang et al. (2020) tested other rice mutants
presenting alterations in the conversion of UDP-glucose into UDP-galactose showing that
disruptions in cellulose microfibrils orientation as well as in hemicelluloses structure
were related to photosynthesis declines. On the other hand, Clemente-Moreno et al.
(2019) reported that pectins and/or the hemicelluloses to pectins ratio co-variated with gm
in Nicotiana sylvestris subjected to short-term salinity and drought followed by a
subsequent recovery. Interestingly, they hypothesised that pectins accumulation under
both abiotic stresses could increase Tcw, hence, enlarging the CO> pathway until reaching
its carboxylation sites. Moreover, the studies by Hura et al. (2009, 2012) revealed that
minor cell wall components such as cell wall bound phenolics —particularly, ferulic acid—
were related to the photosynthetic capacity in triticale genotypes submitted to drought.
Finally, Carriqui et al. (2020) tested seven conifer species acclimated to the same non-
stressing environmental conditions and demonstrated that the total amount of isolated cell
wall content (i.e., the alcohol insoluble residue; AIR) as well as both cellulose and
hemicelluloses contents correlated negatively with gm. However, what was even more
interesting is that the pectins to cellulose and hemicelluloses ratio strongly influenced gm,
evidencing that not only a specific cell wall component but the proportion between them
—with pectins playing a key role— are likely to strongly regulate gm. Additionally, first
empirical evidence on the specific role of pectins and cellulose influencing Tcw at

interspecific level was shown.

9.- The cell wall from a biotechnological perspective

As explained in section 3, cell wall biosynthesis and its subsequent modification are
determined by complex processes that can be altered from the beginning of monomer
building to wall restructuration by the addition of new polymers (Carpita and McCann,
2002). Even though specific biochemical pathways occurring during cell wall synthesis
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and/or remodelling have been studied, they are not completely understood due to the
complexity of the relationships between cell wall components (Carpita and McCann,
2002; Tucker et al., 2018; Lundgren and Fleming, 2019; Anderson and Kieber, 2020;
Yokoyama, 2020).

A huge number of enzyme families such as glycosyltransferases,
glycosylhydrolases, methyltransferases and acetylesterases —commonly designed as
carbohydrate-active enzymes (CAZymes)— determine the appropriate structure and
functioning of the cell wall (Tucker et al., 2018; Yokoyama, 2020). Hence, the
classification of cell wall enzymes according to the family they belong to is important to
elucidate the function of a specific enzyme, but it is still a difficult task (Yokoyama,
2020). In this sense, mutant genotypes represent a useful tool to identify which alterations
are caused by specific cell wall disruptions (Yokoyama, 2020). Thus, first screenings of
cell wall mutants were performed by Reiter et al. (1993, 1997) testing A. thaliana.
Particularly, they studied the function of specific non-cellulosic cell wall polysaccharides
and that of the genes involved in their synthesis detecting alterations in hemicelluloses
and pectins architecture that affected mutants’ growth and development as compared to
wild-type lines. From then to now, the publication of A. thaliana complete genome
sequence (Arabidopsis Genome Initiative, 2000) has converted this species in the most
widely used model plant to further investigate the effects of several cell wall mutations
testing different genotypes.

Due to the importance of pectins determining several cell wall properties, pectin
remodelling enzymes (PRE) have been largely studied since their over/under-expression
can alter signalling pathways, thus, promoting modifications in the status, dynamics, and
organization of the cell wall (Cosgrove, 2005; Cavalier et al., 2008; Park and Cosgrove,
2012; Tucker et al., 2018; Anderson and Kieber, 2020). Specifically, PRE comprehend
the action of pectin methylesterases (PME), pectin acetylesterases (PAE) and pectin
galacturonases (PG). Particularly, PME remove specific HG methyl groups leading to
changes in pectins’ physical structure, creating new targets for the action of both PG and
PAE (Pelloux et al., 2007; Levesque-Tremblay et al., 2015; Turbant et al., 2016; Palacio-
Lopez et al., 2020). Whilst PAE control the acetylation degree of HG and RG-1 residues,
PG catalyse pectins hydrolysis (Pelloux et al., 2007; Gou et al., 2008, 2012; Turbant et
al., 2016; Guénin et al., 2017; Yang et al., 2018; Kong et al., 2019). Thus, the action of
these enzymes alters pectins physicochemical structure modifying their interaction with

other cell wall compounds, ultimately defining wall characteristics (Pelloux et al., 2007,
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Gou et al., 2008, 2012; Turbant et al., 2016; Guénin et al., 2017; Kong et al., 2019).
Although several studies have tested different mutant genotypes in order to elucidate the
importance of an appropriated functionality of these enzymes (see, for instance, Rhee et
al., 2003; Bosch and Hepler, 2005; Parre and Geitmann, 2005; Derbyshire et al., 2007;
Gou et al., 2008, 2012; Peaucelle et al., 2008, 2011; Zhang et al., 2008; Pelletier et al.,
2010; Mdller et al., 2013; de Souza et al., 2014; Sénéchal et al., 2014; de Souza and
Pauly, 2015; Leroux et al., 2015; Levesque-Tremblay et al., 2015; Scheler et al., 2015;
Turbant et al., 2016; Wang et al., 2016; Weraduwage et al., 2016; Guénin et al., 2017;
Hocq et al., 2017; Yang et al., 2018; Kong et al., 2019), their biological implications are

still poorly understood.
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Objectives

As stated in the General Introduction, cell wall composition has been proposed to be an

important photosynthesis determinant as it may affect gm. Thus, this Thesis was focused

on three General Objectives:

1.

To explore possible relationships between changes in cell wall composition and gm
during water deficit stress exposition in a model plant.

To study the relationships between changes in cell wall composition and gm in
different crops acclimated to contrasting abiotic stresses.

To study genetic and phylogenetic conditionings for the relationships between

photosynthesis and cell wall composition.

The previous General Objectives were approached by six Specific Objectives:

1.

32

To study short- and long-term water deficit stress responses in cell wall composition,
leaf water relations, foliar anatomy, and photosynthesis.

To determine the dynamics and the speed of those changes occurring in cell wall
composition and photosynthesis after plants exposition to specific levels of water
availability.

To investigate the effect of temperature and distinct water deficit stress regimes
promoting modifications in cell wall composition that influence leaf water relations,
leaf anatomy, and photosynthesis performance.

To examine the effect of specific cell wall mutations regulating gm in mutant plants.
To analyse the role of cell wall composition in relation to photosynthesis and leaf
anatomy in plants belonging to a single phylogenetic group distant from angiosperms.
To evaluate the importance of cell wall composition in determining photosynthesis
performance and leaf anatomy along land plants’ phylogeny.



Objectives and Thesis outline

Thesis outline

The present Thesis is organized as follows:

Chapter 1: General Introduction

This chapter provides the background and the framework of this Thesis. It explains the
pathway that CO; has to follow during photosynthesis highlighting gm relevance as a
photosynthesis limitation. A description of gm changes due to abiotic stresses and along
land plants’ phylogeny is included. The structural traits most affecting gm are explained,
proposing that cell wall composition could be a novel fact regulating gm. Thus, cell wall
compositional properties are described as well as those modifications occurring due to
abiotic stresses and along terrestrial plants lineages. Finally, it is discussed that the use of
mutants could elucidate how specific cell wall mutations affect plants’ functional traits.

Chapter 2: Objectives and Thesis outline
This chapter describes the General and the Specific Objectives of this Thesis as well as

the Thesis outline.

Chapter_3: Exploring the role of cell wall composition influencing changes in
photosynthesis, leaf water relations and foliar anatomy in Helianthus annuus
subjected to distinct levels of water availability

In this chapter, the species H. annuus was submitted to distinct water availability regimes
to detect possible relationships between changes in cell wall composition and adjustments
occurring in photosynthesis, leaf water relations and anatomical properties. Also, the
speed and the dynamics of these changes were evaluated. Finally, H. annuus was
compared to a phylogenetically distant species to determine if modifications in cell wall
composition after water deficit stress application similarly affected photosynthesis, leaf
water relations and anatomy.

e General Objective 1 and Specific Objectives 1 and 2 are addressed in this chapter.

Chapter 4: The importance of cell wall composition regulating species-specific
responses to different environmental conditions
This chapter describes the effect of species-specific cell wall composition adjustments in

determining photosynthesis performance, leaf water relations and anatomical
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characteristics after the acclimation of different crop species to contrasting environmental
conditions.

e General Objective 2 and Specific Objective 3 are addressed in this chapter.

Chapter 5: The use of mutant plants to elucidate the effect of specific cell wall
disruptions affecting photosynthesis

Using Arabidopsis thaliana mutant genotypes, this chapter investigates how specific
mutations affecting cell wall composition and pectins enzymatic performance could
ultimately influence gm.

e General Objective 3 and Specific Objective 4 are addressed in this chapter.

Chapter_6: Cell wall composition: an important photosynthesis determinant
conserved in the most primitive land plant lineage

This chapter focuses on the role of cell wall composition influencing photosynthesis and
anatomical properties in the most basal land plant group, i.e., bryophytes.

e General Objective 3 and Specific Objective 5 are addressed in this chapter.

Chapter 7: General Discussion.

This chapter comprehends a general vision of the most relevant findings of this Thesis,
discusses its limitations and proposes areas for further investigation. Here, data from all
previous chapters are pooled together to find the most conserved relationships between
gm and cell wall compositional and anatomical traits in plants subjected to abiotic stresses.
Additionally, a data compilation of those species in which cell wall composition,
photosynthesis and anatomical properties have been studied is used to highlight the
relevance of cell wall compositional characteristics regulating gm along land plants’
phylogeny. The merged and discussed data from this section allow for a more detailed
deepening in the General Objectives, and specifically adds insights to the Specific
Obijective 6.

Chapter 8: Conclusions
This chapter presents a list of the main conclusions derived from the present Thesis in

relation to the General and Specific Objectives.
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Chapter 3

Exploring the role of cell wall composition influencing changes in
photosynthesis, leaf water relations and foliar anatomy in

Helianthus annuus subjected to distinct levels of water availability

e Cell wall composition and thickness affect mesophyll conductance to CO; diffusion in

Helianthus annuus under water deprivation............cooeoeieriniiinieece e 36

e Mature sunflower leaves show dynamic changes in cell wall composition uncoupled from
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Abstract

Water deprivation affects photosynthesis, leaf anatomy, and cell wall composition. Although the former effects have
been widely studied, little is known regarding those changes in cell wall major (cellulose, hemicelluloses, pectin, and
lignin) and minor (cell wall-bound phenolics) compounds in plants acclimated to short- and long-term water depriv-
ation and during recovery. In particular, how these cell wall changes impact anatomy and/or photosynthesis, specif-
ically mesophyll conductance to CO, diffusion (g,,), has been scarcely studied. To induce changes in photosynthesis,
cell wall composition and anatomy, Helianthus annuus plants were studied under five conditions: (i) control (i.e.
without stress) (CL); (ii) long-term water deficit stress (LT); (iii) long-term water deficit stress with recovery (LT-Rec);
(iv) short-term water deficit stress (ST); and (v) short-term water deficit stress with recovery (ST-Rec), resulting in a
wide photosynthetic range (from 3.80 + 1.05 pmol CO, m2 s~ to 24.53 + 0.42 pmol CO, m™2 s7"). Short- and long-term
water deprivation and recovery induced distinctive responses of the examined traits, evidencing a cell wall dynamic
turnover during plants acclimation to each condition. In particular, we demonstrated for the first time how g,, correl-
ated negatively with lignin and cell wall-bound phenolics and how the (cellulose+hemicelloses)/pectin ratio was linked
to cell wall thickness (T, variations.

Keywords: Cell wall-bound phenolics, cell wall composition, cell wall thickness, Helianthus annuus, lignin, mesophyll
conductance to CO, diffusion, photosynthesis, recovery, water deficit stress, water use efficiency.

Abbreviations: a;, apoplastic water fraction; AR, alcohol insoluble residue; Ay, leaf net CO, assimilation rate; C*, leaf area specific capacitance at full turgor; ETR,
electron transport rate; £, fraction of mesophyll intercellular air spaces; g.,, mesophyl conductance to CO, diffusion; g, stomatal conductance to gas diffusion;
Loerery, distance between chloroplasts; L, chloroplasts length; Ne , number of palisade layers; Riqy, light mitochondrial non-photorespiratory respiration rate;
RWCy,, relative water content at turgor loss point; S./S, chloroplast surface area exposed to intercellular air spaces per unit (one side) leaf surface area; S./S,,
chloroplast surface area exposed to intercellular air spaces per unit mesophyll surface area exposed to intercellular air spaces; S,,/S, mesophyll surface area ex-
posed to intercellular air spaces per unit (one side) leaf surface area; Ty, chloroplasts thickness; T, cell wall thickness; Tc;, cytosol thickness; T,e, lower epidermis
thickness; T, ez, leaf thickness; Tyes, mesophyll thickness; Try, palisade mesophyll thickness; Tse, spongy mesophyll thickness; Tye, upper epidermis thickness;
WUE, water use efficiency; &, bulk modulus of elasticity; o, leaf osmotic potential at full turgor; W, midday leaf water potential; ¥4, pre-dawn leaf water potential;
W, leaf water potential at turgor loss point.
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Introduction

During photosynthesis, a process that involves both diffusional
and biochemical processes, CO, has to diffuse from the atmos-
phere to substomatal cavities (stomatal conductance to gas dif-
fusion, g,) and from these to its carboxylation sites at chloroplast
stroma (mesophyll conductance to CO, diffusion, g,,) (Flexas
et al., 2004, 2008; von Caemmerer et al., 2009). Nowadays, g,,,
is recognized as a key trait limiting photosynthesis amongst
species and in response to different environmental condi-
tions (Flexas et al., 2008, 2012; Warren, 2008; Chaves et al.,
2009; Gago et al., 2019; Nadal and Flexas, 2019). Although it
is widely assumed that g, is a complex trait that integrates
the CO, diffusion through several steps across the mesophyll,
the specific nature of those factors determining g, is still not
fully understood (Evans et al., 2009; Flexas et al., 2012). Among
these steps, anatomical traits, particularly the chloroplast sur-
face area exposed to intercellular air spaces per unit (one side)
of leaf surface area (S./S) and the cell wall thickness (T.,),
play an important role in modulating g, (Terashima et al.,
2001; Evans et al., 2009; Flexas ef al., 2012; Tomas et al., 2013;
Carriqui et al., 2015, 2019, 2020; Tosens et al., 2016; Onoda
et al., 2017; Peguero-Pina et al., 2017; Veromann-Jiirgenson
et al.,2017). In particular, thicker cell walls limit g, and, simul-
taneously, enhance cell rigidity (higher bulk modulus of elas-
ticity, €; Zimmermann et al., 1978; Peguero-Pina et al., 2017).
Hence, Nadal ef al. (2018) reported a trade-oft between g,
and leaf net CO, assimilation rate (Ay), with € potentially
driven by T.,. In addition, some studies have suggested that
cell wall composition properties could determine € as well as
photosynthesis (Peltier and Marigo, 1999; Corcuera et al., 2002;
Ellsworth et al., 2018; Clemente-Moreno ef al., 2019; Carriqui
et al.,2020; Roig-Oliver et al., 2020).

A leaf cell wall is a complex structure that acts as a pri-
mary barrier to face those biotic and abiotic stresses occurring
during a plants life (Carpita and Gibeaut, 1993; Carpita and
McCann, 2002; Fry, 2004; Cosgrove, 2005; Moore et al., 2008;
Sarkar et al., 2009; Ochoa-Villarreal et al., 2012; Tenhaken,
2015; Houston et al., 2016; Rui and Dinnery, 2019). Cellulose
is the major component of primary cell walls and it is found
forming a microfibril matrix that confers mechanical strength
to the wall (Carpita and Gibeaut, 1993; Carpita and McCann,
2002; Fry, 2004; Cosgrove, 2005; Sarkar ef al., 2009; Rui and
Dinnery, 2019). Hemicelluloses are placed within these closely
packed microfibrils, conferring stability to the wall (Carpita
and Gibeaut, 1993; Carpita and McCann, 2002; Cosgrove,
2005; Tenhaken, 2015; Rui and Dinnery, 2019).This cellulose—
hemicelluloses network is embedded in a pectin matrix because
of the interaction between pectins and cellulose (Carpita and
Gibeaut, 1993; Carpita and McCann, 2002; Moore ef al., 2008;
Tenhaken, 2015; Rui and Dinnery, 2019). This pectin matrix
determines wall porosity, thickness, microfibril spacing, and
hydrophilic properties (Carpita and McCann, 2002; Cosgrove,
2005; Moore et al., 2008; Solecka et al., 2008; McKenna et al.,
2010; Ochoa-Villarreal et al., 2012; Schiraldi et al., 2012;
Tenhaken, 2015; Houston ef al., 2016; Rui and Dinnery,
2019). Additionally, lignin is another cell wall main compo-
nent placed in secondary cell walls (Poorter ef al., 2009; Zhang
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et al., 2019). In particular, lignins belong to the heterogenous
group of phenolic compounds, the most abundant type of sec-
ondary metabolites in plants (Fry, 1979;Wallace and Fry, 1994;
Sanchez-Rodriguez ef al., 2011; Karabourniotis ef al., 2014).
Thus, lignins interact with hemicelluloses, and their accumu-
lation determines cell wall mechanical strength, flexibility, ex-
tensibility, and hydrophobicity (Iliyama et al., 1994, Wallace and
Fry, 1994; Fan, 2006; Sarkar et al., 2009; Terrett and Dupree,
2019). Hence, the constant reorganization of these cell wall
main compounds ensures an appropriate development at each
plant growth stage according to environmental conditions, as
it determines cell morphology, growth, and organ differenti-
ation, among others (Carpita and Gibeaut, 1993; Carpita and
McCann, 2002; Cosgrove, 2005; Sarkar et al., 2009; Ochoa-
Villarreal ef al., 2012;Tenhaken, 2015; Rui and Dinnery, 2019).
However, plant cell walls also contain other minor components
which are important for development (Fry, 1979; Carpita and
Gibeaut, 1993; Wallace and Fry, 1994; Carpita and McCann,
2002; Cosgrove, 2005; Sarkar et al., 2009; Houston et al., 2016).
Specifically, some phenolic polymers can be covalently bound
to wall polysaccharides (Fry, 1979), particularly hemicelluloses
and/or pectins (Fry, 2004; Vogt, 2010), restricting wall por-
osity (Wallace and Fry, 1994) and increasing wall rigidity when
higher amounts are produced due to environmental stresses
(Fry, 1979).

Whilst some studies have demonstrated the potential import-
ance of how environmental stressors promote modifications
in the proportion of cellulose, hemicelluloses, and pectins and
how they are linked to changes in photosynthesis, specifically
via g, (Clemente-Moreno etal.,2019; Roig-Oliver ef al.,2020),
no previous studies have analysed the importance of lignin and
cell wall-bound phenolics in determining g,,. Considering the
relevant role proposed for pectins on g, (Clemente-Moreno
et al.,2019; Carriqui ef al., 2020) and the fact that CO, diffuses
through cell walls in the aqueous phase (Evans ef al., 2009),
some cell wall-bound phenolic compounds (e.g. ferulic acid or
coumaric acid) might be expected to somehow alter g, as they
strongly modify pectin (Lara-Espinoza ef al., 2018) and lignin
properties due to their extensive hydrophobicity (Sarkar et al.,
2009). Furthermore, although some studies have hypothesized
that T, changes could be attributed to modifications of cell
wall compounds, particularly due to alterations in the pectin
fraction (Carpita and McCann, 2002; Cosgrove, 2005; Moore
et al., 2008; Solecka et al., 2008; Tenhaken et al., 2015; Rui and
Dinnery, 2019), to our knowledge only Carriqui et al. (2020)
provided evidence on that issue in non-stressed gymnosperms.

It has been reported that water shortage induces changes in
cell wall composition (Leucci ef al., 2008; Moore et al., 2008;
Clemente-Moreno et al., 2019; Roig-Oliver ef al., 2020) as re-
duces Ay because of decreasing within-leaf CO, diffusion (i.e.
reduction in g and g,) (Chaves et al., 2002, 2009; Flexas ef al.,
2012; Nadal and Flexas, 2019), while promoting an increase
in water use efficiency (WUE) due to larger reductions in g
than in g, (Galmés et al., 2011; Flexas ef al., 2013a; Théroux-
Rancourt et al., 2015).Thus, the main hypothesis of the present
study is that the rearrangement of cell wall components due
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to acclimation to water deprivation and re-watering is linked
to changes in both photosynthetic and anatomical parameters,
in particular WUE, g, and T. Hence, we tested Helianthus
annuus plants submitted to short- and long-term water deficit
stress as both conditions are expected to promote changes at
different levels (Chaves et al., 2002, 2009). Furthermore, re-
covery treatments were assessed to uncouple the frequently
proportional responses between g, and g,, (Flexas et al., 2013b)
in an attempt to associate cell wall and anatomical changes spe-
cifically with g,,.

Materials and methods

Plant material and growth conditions

Helianthus annuus seeds were sown individually in water-irrigated 3 litre
pots containing a mixture of 3:1 substratum:perlite. They were placed for
44 d in a growing chamber at 22 °C receiving 200-300 pmol m2s!
photosynthetic photon flux density (PPFD) for 12 h followed by 12 h
of darkness. On the day of sowing, six individual replicates were ran-
domly subjected to five different growing conditions: (i) control (CL);
(ii) long-term water deficit stress (LT); (iii) long-term water deficit stress
with recovery (LT-Rec); (iv) short-term water deficit stress (ST); and (v)
short-term water deficit stress with recovery (ST-Rec). Control plants
were maintained at 100% field capacity (FC). LT treatment consisted of
decreasing FC from 100% to 35% starting from the day of sowing to the
end of the treatment. In particular, pots reached 35% FC 3 weeks after
sowing. This water status was then maintained for 22 d. The same con-
ditions were applied to LT-Rec for 42 d, followed by 2 d recovery to
reach 100% FC. ST treatment consisted of maintaining pots at 100% FC
for a month followed by 14 d water deprivation until 35% FC. ST-Rec
treatment was identical to ST treatment, but it was followed by 2 d re-
covery until 100% FC. Plants water status was monitored every 2 d,
weighing all the pots to maintain each one at a specific FC by replacing
evapotranspired water. Whilst LT and LT-Rec measurements were as-
sessed in fully expanded leaves constantly submitted to water deficit stress,
ST and ST-Rec measurements were performed in those fully expanded
leaves developed under water irrigation and later acclimated to water
deprivation.

Gas exchange and fluorescence measurements

At the end of each treatment, gas exchange and Chl a fluorescence were
measured simultaneously in one fully developed leaf per plant (third
or fourth leaf from the apex) using an infrared gas analyser (IRGA)
LI-6400XT equippcd with a fluorometer (Li-6400-40; Li-Cor Inc.,
Lincoln, NE, USA). Each leaf was clamped into the 2 cm’ cuvette, the
block temperature was fixed at 25 °C, and the vapour pressure deficit
(VPD) was fixed at ~1.5 kPa. Leaf steady-state conditions were induced
at a saturating PPFD (1500 pmol m™2 57", 90-10% red-blue light) and
400 pmol CO, mol™" air. The flow rate was kept at 300 pmol air min™".
Once steady-state conditions were reached, Ay—C; curves were per-
formed, increasing ambient CO, concentrations (C,) from 50 pmol
CO, mol™! to 1500 pmol CO, mol ™" air. Leaf net CO, assimilation rate
(An), stomatal conductance to gas diffusion (g), CO, concentration at
the substomatal cavity (C), and steady-state fluorescence (F,) were re-
corded after the stabilization of the gas exchange rates at each given C,
(typically occurring in a range between 3 min and 4 min after changing
the CO, concentration in the cuvette). Then, a saturating light flash
was applied, obtaining the maximum fluorescence (F,"). From these
values, the real quantum efficiency of PSII (® ;) was registered. A cor-
rection for the CO, leakage in and out of the IRGA chamber was
applied to correct Ay—C; data (Flexas ef al., 2007). The electron trans-
port rate (ETR) was calculated as in Valentini ef al. (1995) performing
light curves under negligible photorespiratory conditions (1% O,). The
light mitochondrial non-photorespiratory respiration rate (R was

assumed to be half the dark respiration rate, determined after exposure
of plants to darkness for at least 20 min (Niinemets et al., 2005). The
CO, compensation point in the absence of non-photorespiratory res-
piration (I"*) was obtained as the mean from values previously reported
for H. annuus (Parry et al., 1989; Kent ef al., 1992; Kanevski ef al., 1999;
Sharwood et al., 2008). From all these values, the mesophyll conduct-
ance to CO, diffusion (g,) was calculated using the variable ] method
following Harley et al. (1992).

Leaf water status

The leaf water potential of each plant was determined by measuring
pre-dawn (W, ) and midday (W4 water potentials in fully developed
leaves neighbouring those used for gas exchange with a pressure chamber
(Model 600D; PMS Instrument Company, Albany, OR, USA).

Pressure-volume curves

A fully developed leaf neighbouring the one used for gas exchange was
selected to perform P-17 curves. Leaves were rchydrated in distilled
water and kept in the dark overnight. The following day, the water po-
tential of leaves was measured with a pressure chamber (Model 600D;
PMS Instrument Company) in a well-ventilated room with controlled
temperature. Fresh weight was measured immediately after water po-
tential. From (at least) 10 point P-1/ curves, values for leaf water po-
tential at turgor loss point (‘l»’,lp), relative water content at turgor loss
point (RWC,,), leaf osmotic potential at full turgor (w,), apoplastic water
fraction (), and leaf area-specific capacitance (C*) were obtained (Sack
and Pasquet-Kok, 2011). The bulk modulus of elasticity (€) was calculated
using standardized major axes (SMA), a Model II regression from which
one variable can be robustly calculated from another (Sack et al., 2003;
Sack and Pasquet-Kok, 2011).

Anatomical measurements

After gas exchange measurements, small portions of the leaf lamina en-
closed in the leaf chamber were cut into small pieces avoiding major
veins. Samples were fixed rapidly under vacuum pressure with 4%
glutaraldehyde and 2% paraformaldehyde in a 0.01 M phosphate buffer
(pH 7.4). They were then post-fixed in 2% buffered osmium tetroxide
for 2 h and dehydrated by a graded ethanol series. Obtained pieces
were embedded in LR white resin (London Resin Company) and were
placed in an oven at 60 °C for 48 h (Tomas et al., 2013; Carriqui ef al.,
2015,2019).

Semi-fine (0.8 pm) and ultra-fine (90 nm) cross-sections were cut
with an ultramicrotome (Leica UC6,Vienna, Austria). Semi-fine sections
were dyed with 1% toluidine blue to be observed in bright field with an
Olympus BX60 optic microscope. Pictures at X200 magnifications were
taken using a digital camera (U-TVO.5XC; Olympus, Tokyo, Japan) and
were used for the estimation of leaf thickness (7T} sp), upper epidermis
thickness (Ti;), lower epidermis thickness (Tjz), mesophyll thickness
(Tyyes), number of palisade layers (N, ), and fraction of mesophyll inter-
cellular air spaces (f,,). Ultra-fine sections were contrasted with uranyl
acetate and lead citrate to take pictures at X1500 and %30 000 mag-
nifications using TEM (TEM H600; Hitachi, Tokyo, Japan). Images at
%1500 magnifications were used for the determination of chloroplast
thickness (T,,), chloroplast length (L ), distance between chloroplasts
(Lyere)» mesophyll and chloroplast surface area exposed to intercellular air
spaces per unit (one side) leaf surface area (S,,/S and S./§, respectively),
and chloroplast surface area exposed to intercellular air spaces per unit
mesophyll surface area exposed to intercellular air spaces (S./S,,). Cell
wall thickness (T,,,) and cytoplasm thickness (T,,,) were estimated from
images at X30 000 magnification. Additionally, the cell curvature correc—
tion factor was determined following Thain (1983) from a mean of the
length/width ratio of five cells according to the mesophyll type (palisade
or spongy) in which measurements were done.Values for all parameters
were obtained as a mean of 10 measurements from randomly selected
cell structures using Image] software (Wayne Rasband/NIH, Bethesda,
MD, USA).
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Cell wall extraction and fractionation

Sampling for cell wall composition was performed in the same leaves
used for gas exchange and anatomy. Plants were kept under darkness
conditions overnight and, the next morning, 1 g of fresh leaf tissue per
plant was cut into small pieces. They were set in screw-capped glass
tubes containing absolute ethanol in a ratio of 1:10 (w/v). Samples
were boiled and ethanol-cleaned until bleached. Then, they were
cleaned twice with >95% acetone, resulting in the alcohol-insoluble
residue (AIR), an approximation of the amount of isolated cell wall.
The fraction for the evaluation of cellulose, hemicelluloses, and pectin
was digested with a-amylase to eliminate starch residues. Once starch
remains were no longer detected, three analytical replicates of each
AIR weighing 3 mg were taken. They were hydrolysed with 2 M
trifluoroacetic acid and heated at 121 °C for 1 h.Then, they were cen-
trifuged at 13 000 g, giving an upper aqueous phase (non-cellulosic
cell wall fraction) and a pellet (cellulosic cell wall fraction). Whilst the
supernatants were stored at —20 °C for quantification of soluble sugars
(hemicelluloses) and uronic acids (pectin), the pellets were cleaned
twice with distilled water and >95% acetone.They were dried at room
temperature before been resuspended in 200 pl of 72% (w/v) sul-
furic acid for 1 h, diluted to 6 ml with distilled water, and heated at
121 °C until pellet degradation. Once cooled, the obtained aqueous
samples were used for cellulose quantification. The phenol—sulfuric
acid method (Dubois et al., 1956) was performed to determine cellu-
lose and hemicelluloses concentration. The absorbance of samples was
read at 490 nm using a Multiskan Sky Microplate Spectrophotometer
(ThermoFisher Scientific) and the content of both sugars was deter-
mined by interpolating samples values from a glucose calibration curve.
For pectin quantification, sample absorbance was read at 520 nm with
the same spectrophotometer, and pectin content was determined by
interpolating samples values from a galacturonic acid calibration curve
(Blumenkrantz and Asboe-Hansen, 1973).

The remaining AIR fraction used for the evaluation of lignin and cell
wall-bound phenolics was placed in an oven at 70 °C for 72 h to ensure
its total dehydration before been ground. Lignin quantification was per-
formed by the acetyl bromide method (Fagerstedt et al., 2015) testing
15 mg of AIR per sample. Samples absorbance was read at 280 nm with
the UV-160A Shimadzu spectrophotometer (Shimadzu Corp.) and lignin
concentration was obtained by interpolating samples values from a lignin
calibration curve. For cell wall-bound phenolics, 150 mg of each AIR
per sample were resuspended in 10 ml of distilled water and were sub-
jected to alkaline hydrolysis by adding 7 ml of 2 M sodium hydroxide.
They were incubated at 80 °C for 1 h and shaken at 21 °C for 14 h.
Then, the hydrolysates were acidified with 85% (w/w) phosphoric acid
and filtered through a ceramic filter under vacuum. Samples were ex-
tracted three times with ethyl acetate and the combined extracts were
subjected to aqueous extraction twice to remove acid remains. The separ-
ation of the aqueous phase was facilitated by adding dehydrated calcium
chloride, resulting in clear ethyl acetate extracts. Solvent was evapor-
ated in a rotary evaporator at 40 °C, and dry residues were rediluted
with 6 ml of 80% methanol before been kept at 4 °C until used. HPLC
was performed in a Prominence HPLC system (Shimadzu Co., Tokyo,
Japan). An aliquot was filtered through a membrane filter (Teknokroma
OlimPeak, Reg. Cellulose 13 mm filter diameter, 0.22 um pore diameter)
and 20 pl were injected into a Zorbax Stablebond C18 column (5 pm,
250%4.6 mm,AgilentTechnologies, Palo Alto, CA, USA) thermostatted at
33 °C. Mobile phase components were A, 1% aqueous acetic acid (w/v);

B, methanol; and C, acetonitrile. Detection of peaks was performed with
a photodiode array detector (SPD-M20A) and chromatograms were re-
corded in the 200-500 nm region using Shimadzu LC Solutions ver. 1.23
SP1 software. Phenolic compounds were identified based on spectral and
mobility data of pure standards, and their quantification was based on
pure standard reference curves for ferulic, p-coumaric, and caffeic acids.
Finally, 200 pl of the same solutions were used to determine the total
amount of cell wall-bound phenolics by the Folin—Ciocalteu method
(Singleton and Rossi, 1965). Samples absorbance was read at 760 nm with
the UV-160A Shimadzu spectrophotometer (Shimadzu Corp.), and the
concentration of cell wall-bound phenolics was obtained by interpolating
samples values from a tannic acid calibration reference curve.

Statistical analysis

Thompson’s test was performed to detect and eliminate outliers for all
measured parameters. Afterwards, data passed Shapiro—Wilk and Bartlett
tests for normality and equality of variances, respectively. Then, one-
way ANOVA and subsequent LSD test were assessed to detect statistic-
ally significant differences for the studied parameters among treatments
(P<0.05). A principal component analysis (PCA) was performed with
mean values per parameter and treatment to study the effect of distinct
treatments and the interaction between different parameters. Additionally,
Pearson’s correlation matrices were addressed to find correlations be-
tween all parameters, these being significant when P<0.05 and highly
significant when P<0.01. Finally, linear regressions between cell wall
compositional characteristics, photosynthetic, and anatomical parameters
were fitted using mean values per treatment. All analyses were performed
with R software (ver. 3.2.2; R Core Team,Vienna, Austria).

Results
Plant water status and P-V curves

Both ‘I’Pd and W, were lower in both water deficit stress
treatments than in the control, but the reduction was sig-
nificantly larger in ST than in LT treatment (Table 1). Upon
rewatering, both treatments recovered control values for both
parameters (Table 1). Regarding P~V curves, no statistical dif-
ferences were found considering ‘I—’dp, RWCy,, & and C*g (see
Supplementary Fig. S1A, B, D, F at JXB online, respectively).
However, n, was higher in ST and lower in both CL and
LT (Supplementary Fig. S1C). Nonetheless, ST presented in-
creased a¢ (0.69 £ 0.03) in comparison with other treatments,
with ST-Rec being the treatment with the lowest a; (0.15 =
0.01) (Supplementary Fig. S1E).

Photosynthetic characterization

Significant variability was induced with the established treat-
ments in Ay and related parameters (Fig. 1). In particular, Ay
was increased by 24% in LT and reduced by almost 65% in ST

Table 1. Leaf water status of H. annuus plants grown under different conditions

Parameters Treatments

CL LT LT-Rec ST ST-Rec P
Woq (MPa) -0.31 £ 001a -0.88 £ 0.01b -0.30 = 0.04a 229 + 0.29¢ -0.31 + 0.03a <0.001
Yoa (MPa) -0.61 + 0.03a -1.62 + 0.26b -0.65 + 0.09a -269 + 0.17¢c -0.58 =+ 0.04a <0.001

CL, control; LT, long-term water deficit stress; LT-Rec, long-term water deficit stress with recovery; ST, short-term water deficit stress; and ST-Rec,
short-term water deficit stress with recovery. Mean values + SE are shown for pre-dawn leaf water potential (W) and midday leaf water potential (W,).
P-values from one-way ANOVA are shown. Letters indicate a significant difference (P<0.05) across all experimental conditions according to LSD test.
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Fig. 1. Photosynthetic characterization of H. annuus plants grown under different conditions (CL, control; LT, long-term water deficit stress; LT-Rec,
long-term water deficit stress with recovery; ST, short-term water deficit stress; and ST-Rec, short-term water deficit stress with recovery). (A) Leaf net
CO, assimilation rate (Ay), (B) stomatal conductance to gas diffusion (gs), (C) mesophyll conductance to CO, diffusion (g.), (D) water use efficiency (WUE),
(B) electron transport rate (ETR), and (F) light mitochondrial non-photorespiratory respiration rate (Ruy.). Different letters indicate a significant difference
(P<0.05) across all experimental conditions according to LSD test. n=4-6 (means = SE).

compared with control values (Fig. 1A). Recovery resulted in
an even further increase of Ay in LT-Rec and restored control
values in ST-Rec (Fig. 1A). Instead, g, decreased in both LT and
ST, although to a much larger extent in the latter (Fig. 1B), re-
sulting in increased WUE, especially in LT (Fig. 1D). However,
whilst recovery increased both g, and WUE in LT-Rec in com-
parison with control conditions, ST-Rec reached values for
both parameters similar to the control (Fig. 1B, D, respectively).
The patterns for g, and ETR closely resembled that of Ay
(Fig. 1C, E, respectively). Although Ry, showed less variability
than photosynthetic parameters, differences were significant
among treatments (Fig. 1F).

Leaf cell wall composition

The highest proportion of isolated AIR was found in the
control, differing from other treatments (Table 2). Regarding
cellulose, no significant differences between treatments were
detected (Table 2). The control showed the highest proportion
of hemicelluloses, and the lowest was found in LT-Rec, which
also contained the lowest amount of pectin (Table 2). The

control, ST, and ST-Rec contained higher lignin than LT and
LT-Rec (Table 2). ST had the highest proportion of cell wall-
bound phenolics, whilst LT-Rec presented the lowest. Again,
ST presented the highest quantities of both coumaric and
ferulic acids, but no coumaric acid was found in LT-Rec and
the lowest ferulic acid was quantified in both LT and LT-Rec
(Table 2). Finally, caffeic acid was higher in the control, ST, and

ST-Rec than in LT and LT-Rec (Table 2).

Anatomical characterization

Regarding the analysis of semi-fine cross-sections, no statistical
differences between treatments were found for Tipar Tug, Tig,
Tspos Tares, Npar, and £, (Table 3). However, LT-Rec and ST pre-
sented higher values for Tpy; in comparison with other treatments
(Table 3). In relation to the analysis of ultra-fine cross-sections,
statistical differences were found for chloroplast characterization,
revealing that LT-Rec achieved higher L, than the rest of treat-
ments and also higher T,y than drought treatments (i.e. LT and
ST) (Table 4). In contrast, ST had the lowest values for T, and
Ly, even though the latter did not differ statistically from that
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Table 2. Leaf cell wall characterization of H. annuus plants grown under different conditions

Parameters Treatments
CL LT LT-Rec ST ST-Rec P

AIR (g g~ dry weight) 136+034a 042 +:0.08b 0.59+0.06b 0.84+£0.12b 0.60+£0.14b 0.011
Cellulose (Mg g~' AIR) 135623+ 546a 14297 £ 6.18a 127.43 £ 19.44a 15194 £526a 183.03 £ 29.81 a 0.133
Hemicelluloses (mg g~ AIR) 303.39 +30.73a 23134 +9.64b 121.00 £ 8.22¢ 217.09 = 16.04 b 249.32 £ 541 ab <0.001
Pectin (ng g AIR) 99.35 £ 3.95 bc 14588 + 4.97 a 74.63 £8.02d 11025+ 2.87 b 82.80 + 1.02 cd <0.001
Lignin (mg g~' AIR) 298.88 + 20.50 a 219.30+ 11.28 b 22040 =+ 7.87b 325.08 +23.74a 305.38 + 26.41 a <0.001
Cell wall-bound phenolics 2.81+0.25ab 2.20 +0.04 bc 1.75+0.14c¢c 297+0.20a 2.43 +0.33 abc 0.006
(mg tannic acid g~ AIR)

Coumaric acid (mg g~ AIR) 1.08 £ 0.05 bc 039+0.14b 0.00+£0.00c 1.81+0.36a 1.12+0.04 ab <0.001
Ferulic acid (mg g~' AR) 0.29+£0.02b 0.06 £ 0.03d 0.14+£0.04cd 046 +£0.02a 0.19+£0.02¢c <0.001
Caffeic acid (g g~' AR) 451+0.83a 1.09+0.25b 1.69+057b 560+0.70a 404+:020a 0.004

CL, control; LT, long-term water deficit stress; LT-Rec, long-term water deficit stress with recovery; ST, short-term water deficit stress; and ST-Rec, short-
term water deficit stress with recovery. Mean values = SE are shown for alcohol-insoluble residue (AIR), cellulose, hemicelluloses, pectin, lignin, cell wall-
bound phenolics, coumaric acid, ferulic acid, and caffeic acid. P-values from one-way ANOVA are shown. Letters indicate significant difference (P<0.05)
across all experimental conditions according to LSD test. n=4-6 in all cases.

Table 3. Anatomical characterization from semi-fine cross-sections of H. annuus plants grown under different conditions

Parameters Treatments
CL LT LT-Rec ST ST-Rec P

Tiear (um) 193.21 +5.13a 187.26 +549a 207.67 +5.44a 191.63 £ 10.46 a 19143 +6.48a 0.379
Tue (um) 1401194 a 1200+ 0.82a 1482+148a 1250+ 0.31a 1388+ 1.65a 0.579
Tie (um) 10.48 +0.30a 1239+ 0.36a 1249087 a 10.74 £ 1.00a 1235+ 1.82a 0.322
Tear (um) 68.47 £3.72b 7256 +231b 8928 +7.38a 87.91+£297a 70.72+3.85b 0.009
Tspo (um) 91.99+481a 78.11+10.93a 91.04 +10.36a 70.51 +851a 7404 +9.60a 0.344
Tmes (um) 160.45+7.48a 147.38 £ 1154 a 169.22 +3.09a 155.03 +9.37 a 14476 + 6.48 a 0.343
Npar 1.58+0.23a 1.10+0.04 a 151+001a 164+011a 150+0.16a 0.200
fias (%) 3477 +443a 2440+407a 33.04+337a 39.31 +501a 26.04 +6.09a 0.149

CL, control; LT, long-term water deficit stress; LT-Rec, long-term water deficit stress with recovery; ST, short-term water deficit stress; and ST-Rec, short-
term water deficit stress with recovery. Mean values = SE are shown for leaf thickness (T eas), Upper epidermis thickness (Tyg), lower epidermis thickness
(Tg), palisade mesophyll thickness (Tea ), spongy mesophyll thickness (Tspo), mesophyll thickness (Tyes), number of palisade layers (Vg ), and fraction of
mesophyll intercellular air spaces (f.s). P-values from one-way ANOVA are shown. Letters indicate significant difference (P<0.05) across all experimental

conditions according to LSD test. n=4-6 in all cases.

in LT (Table 4). Additionally, ST had the lowest value for S./S,,
differing from the rest of treatments (Table 4). No significant
differences at P<0.05 were found for S, /S, S/S, T, and T,
among tested conditions, but marginally significant differences at

0.05<P<0.10 were found for T., and T (Table 4).

oyt ow

Principal component analysis

A PCA was performed, in which two principal components
(PCs) accounted for 81.5% of the total variation (Fig. 2).
PC1 (53.7% total variation) was mostly represented by gas
exchange (A, g, and ETR) and specific cell wall compo-
nents (cell wall-bound phenolics and, in particular, coumaric
acid) parameters, whereas pectin amount, WUE, g,/¢, and
(cellulose+hemicelluloses)/pectin ratios were mostly found in
PC2 (27.8% total variation). Interestingly, the representation of
the measured parameters grouped differently, indicating that
each treatment promoted different responses.

Relationships between parameters

Several significant correlations were observed among the
studied parameters (Supplementary Table S1). Concerning
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relationships between cell wall components and photo-
synthesis, significant negative correlations were found be-
tween g, and cell wall-bound phenolics (R*=0.74, P=0.038,
Fig. 3A), coumaric acid (R*=0.91, P=0.008, Fig. 3B), and
lignin (R*=0.68, P=0.053, Fig. 3C). A significant positive
correlation was detected between WUE and the ratio g, /g
(R*=0.88, P=0.012, Fig. 4A) and a negative correlation be-
tween WUE and (cellulose+hemicelluloses)/pectin  ratio
(R*=0.94, P=0.004, Fig. 4B) was found. Moreover, whilst
negative correlations were found between the g, /¢, ratio and
T., (R?=0.88, P=0.012, Fig. 5A) and between WUE and T,
(R*=0.73, P=0.041, Fig. 5B), a positive correlation between
the (cellulose+hemicelluloses)/pectin ratio and T, was de-
tected (R2=0.81, P=0.023, Fig. 5C).

Discussion

The plant water shortage treatments we applied in the cur-
rent study on H. annuus induced the photosynthetic changes
classically reported under the same conditions in different spe-
cies (e.g. Flexas et al., 2004; Chaves ef al.,2009) with the ex-
ception of LT, which presented larger Ay (despite low g, and,
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Table 4. Anatomical characterization from ultra-fine cross-sections of H. annuus plants grown under different conditions

Parameters Treatments
CL LT LT-Rec ST ST-Rec P

Ten (um) 2.66 £0.17 ab 241+021b 293+0.14a 1.71£011¢c 2.60 + 0.24 ab <0.001
Lep (um) 510+£0.28b 4.34 +0.20 bc 6.55+0.34a 391+0.18¢c 495+029b <0.001
Lietent (1) 0.85+0.12b 0.87+0.11b 0.70+0.07b 144:021a 107 £0.15ab 0.010
Sm/S (M? m?) 2232+1.03a 20.61+143a 20.72+0.46 a 2090+191a 20.88+3.13a 0.945
Se/S (m? m?) 1957 +1.36a 17.19+1.38a 1899+ 0.34a 1330+ 2.62a 16.58 + 1.73 a 0.125
Se/Sm 0.87 +0.03a 0.83+0.03a 091+0.01a 0.61+007b 0.81+0.04a <0.001
Teyt (um) 0.45 +0.07 ab 0.45 + 0.06 ab 0.34 £0.02b 0.56 £ 0.02a 0.48 + 0.07 ab 0.054
Tew (um) 0.16 +0.01 ab 0.13+0.01b 0.15+0.01 ab 0.16 + 0.01 ab 017+0.01a 0.070

CL, control; LT, long-term water deficit stress; LT-Rec, long-term water deficit stress with recovery; ST, short-term water deficit stress; and ST-Rec,
short-term water deficit stress with recovery. Mean values = SE are shown for chloroplasts thickness (T.y), chloroplast length (L), distance between
chloroplasts (Luae), Mmesophyll surface area exposed to intercellular air spaces per unit (one side) leaf surface area (S,/S), chloroplast surface area
exposed to intercellular air spaces per unit (one side) leaf surface area (S./S), chloroplast surface area exposed to intercellular air spaces per unit
mesophyll surface area exposed to intercellular air spaces (S./Sy), cytosol thickness (T.,y), and cell wall thickness (T,). P-values from one-way ANOVA
are shown. Letters indicate a significant difference (0.05<P<0.1) across all experimental conditions according to LSD test. n=4-6 in all cases.

PC2 (27 8% explained var )

&

LT §

°

%

PC1(537% ;wlalnod var.)

Fig. 2. Principal component analysis (PCA) of gas exchange, cell wall, and anatomical parameters for all treatments. The same abbreviations as in Fig. 1
and Tables 14 are used except for the (cellulose+hemicelluloses)/pectins ratio, which is shown as ‘(Cel+Hemicel)/Pectins’. Axes represent the two

principal components (PCs), which explain 81.5% of the total variance.

hence, larger WUE) and other photosynthetic traits than the
control (Fig. 1). Although it might appear surprising, other
studies demonstrated an increase of photosynthetic capacity
in plants acclimated to long-term water deficit stress. For in-
stance, Huck ef al. (1983) reported that prolonged water deficit
stress restricted shoot growth while enhancing root growth in
soybean. This imbalanced growth resulted in larger photosyn-
thesis rates at the leaf level in water-limited than in irrigated
plants, although it depended on leaf age, hour of the day, and
time after imposition of the stress. Additionally, Pankovi€ ef al.
(1999) observed the same pattern in some specific sunflower
genotypes, but not in others, due to increased amounts and

activity of Rubisco. Regardless of the exact mechanism be-
hind it, this particular behaviour of our LT plants allowed us
to establish five treatments that led to a wide range of photo-
synthetic rates. We then analysed how these treatments also
promoted modifications in cell wall major and minor com-
pounds (Table 2).

Although water deficit stress has been linked to alterations
in cell wall sugars (i.e. cellulose and hemicelluloses) and
pectin metabolism (Moore et al., 2008; Leucci et al., 2008;
Tenhaken, 2015; Clemente-Moreno et al., 2019; R oig-Oliver
et al., 2020), we found no significant differences in cell wall
cellulose content among treatments and, in contrast to Cho
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Fig. 3. Mesophyll conductance to CO; diffusion (g, in relation to cell wall

composition. (A) Cell wall-bound phenolics, (B) coumaric acid, and (C) lignin
in H. annuus across all experimental conditions. n=4-6 (means = SE).

et al. (2006) and Choi ef al. (2011), we observed a decrease
in hemicelluloses in both LT and ST (Table 2). In fact, in-
creases in hemicelluloses have been interpreted as cell wall
mechanical adjustments which offer increased cell wall ri-
gidity and protection of mesophyll cells to face water depriv-
ation (Cho et al., 2006; Choi et al., 2011). However, whilst
Lo Gullo and Salleo (1988) observed higher leaf rigidity in
Ceratonia siligua and Laurus nobilis leaves exposed to water
deficit stress, Roig-Oliver ef al. (2020) showed that water de-
privation enhanced leaf elasticity in grapevines. Nonetheless,
Barlett ef al. (2012) reported that elastic adjustments are usu-
ally mild to none under water deficit stress conditions, which
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is in agreement with our results as well as with those reported
by Sobrado and Turner (1983) testing Helianthus as no signifi-
cant differences were found for € (Supplementary Fig. S1D).
In contrast to hemicelluloses, pectins increased in response to
water deficit stress, as already shown by Leucci et al. (2008),
Moore et al. (2008), Clemente-Moreno et al. (2019), and
Roig-Oliver ef al. (2020), which has been interpreted as a
reflection of their crucial role in controlling the cell wall hy-
dration status during water deficit stress. In this sense, it is re-
markable that the increase in pectins was larger in LT than in
ST (Table 2). Interestingly, only a 2 d recovery (LT-Rec and
ST-Rec) was enough to significantly decrease pectin concen-
tration as compared with LT and ST (Table 2), illustrating
how dynamic cell wall polysaccharide rearrangement is in
mature non-reproductive plant tissues after rewatering (Vicré
et al., 1999; Hoch, 2007).

Regarding to the phenolic polymers tested in this study,
an increase of lignin genetic promotors was documented in
Ctenanthe setosa once submitted to long-term water deficit
stress to prevent cell wall damage (Terzi ef al., 2013) due to
its importance in regulating wall properties such as mech-
anical strength, flexibility, and extensibility (Wallace and
Fry, 1994; Fan, 2006; Sarkar ef al., 2009; Terrett and Dupree,
2019). However, our results are in agreement with those re-
ported in Shafi ef al. (2019) testing Arabidopsis thaliana leaves
as long-term drought promoted less lignin accumulation,
which was also detected in LT-Rec (Table 2), suggesting that
lignin deposition may be species-specific. Furthermore, cell
wall-bound phenolics tend to increase during environmental
stresses (Fry, 1979). However, in our case, these compounds
only increased in ST, while instead they decreased in LT
(Table 2). Additionally, the same pattern was found for both
coumaric and ferulic acids (Table 2). Thus, we suggest that
lignin and cell wall-bound phenolic accumulation (including
specific phenols) followed different patterns in LT and ST
leaves probably because of different exposure to water def-
icit stress. Whilst LT leaves were fully expanded under con-
tinuous water deprivation, ST leaves experienced different
foliar changes because water deprivation was applied in al-
ready developed leaves, thus leading to different mechanisms
to regulate the accumulation of these compounds.

Whilst previous studies demonstrated the relationship of
cellulose, hemicelluloses, and pectins with g, (Ellsworth et al.,
2018; Clemente-Moreno et al., 2019; Carriqui ef al., 2020;
Roig-Oliver et al.,2020), our study provides the first evidence
on how g, also correlated with other additionally tested cell
wall compounds (Fig. 3A—C). Karabourniotis ef al. (2014)
reported a negative correlation between the photosynthetic
capacity and soluble phenolic compounds at interspecific
level. Additionally, they speculated a probable association be-
tween the leaf phenolic pool and g, even at the intraspecific
level. From our results, we evidenced a direct relationship
between cell wall phenolic compounds and photosynthesis
(Fig. 3A, B). Cell wall-bound phenolics and, specifically,
coumaric acid negatively correlated with g, (Fig. 3A, B, re-
spectively), which was opposite to the results reported by
Hura et al. (2009, 2012) testing triticale under water deficit
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Fig. 4. Water use efficiency (WUE) in relation to (A) g,./g. ratio and (B) (cellulose+hemicelluloses)/pectin ratio in H. annuus across all experimental

conditions. n=4-6 (means = SE).

stress conditions, as they found a positive correlation of cell
wall-bound phenolics and ferulic acid with photosynthesis.
Nonetheless, we speculate that our results differed from those
of Hura et al. (2009, 2012) because monocots present spe-
cific cell wall compositional traits different from the rest of
the angiosperms (Carpita and McCann, 2002; Serensen ef al.,
2010) which may involve different response patterns once
submitted to water deficit stress. Together with phenolics,
lignin is related to protection against abiotic and biotic
stresses (Fry, 1979; Wallace and Fry, 1994; Grabber, 2005; Fan,
2006; Sarkar et al., 2009; Terrett and Dupree, 2019). When
lignin deposition takes place, molecules are tightly packed
(Grabber, 2005; Sarkar et al., 2009), thus cell wall porosity
could diminish, making CO, supply more difficult, obtaining
lower g,,. Hence, we provided an almost significant negative
correlation between lignin and g, (Fig. 3C), which is in con-
trast to Kuusk ef al. (2018), who concluded that lignins were
not directly involved in photosynthesis. Furthermore, Fig. 4A
illustrates the well-known positive correlation between WUE
and the g, /g ratio (Flexas ef al., 2013a) concomitant with a
previously non-reported negative correlation between WUE
and the (cellulose+hemicelluloses)/pectin ratio (Fig. 4B).
Simultaneously, the g,/¢. ratio and WUE correlated nega-
tively with T, (Fig. 5A, B, respectively), the unique ana-
tomical parameter more affecting g, in which marginally
significant differences were found (Table 4). In contrast, the
(cellulose+hemicelluloses)/pectin ratio correlated positively
with T, (Fig. 5C). Although it has already been suggested
that modifications in cell wall composition, specifically in the
proportion of pectin, could involve changes in T, (Carpita
and McCann, 2002; Cosgrove, 2005; Moore et al., 2008;
Solecka et al., 2008; Tenhaken et al., 2015; Rui and Dinnery,
2019), only Carriqui ef al. (2020) evidenced that issue in

non-stressed gymnosperms. Thus, to the best of our know-
ledge, this study provides the first empirical evidence on how
not only pectins, but also the (cellulose+hemicelluloses)/
pectin ratio is linked to T, modifications in response to
short- and long-term water deficit stress followed by a re-
covery (Fig. 5C) at intraspecific level.

To our knowledge, the present study provides strong in-
dications of a cell wall active and dynamic turnover during
plant acclimation to short- and long-term water deficit
stress as well as under subsequent recovery, with signifi-
cant consequences on leaf physiology. In fact, understanding
the role of the cell wall composition in determining g, is
a prerequisite to advance in the biotechnological improve-
ment of photosynthesis. Hence, the current study sheds some
light on this aspect as we show for the first time how cell
wall minor components (i.e. cell wall-bound phenolics) and
lignin could play a significant role in determining photo-
synthesis because of g,, adjustments. Additionally, we also
provide the first empirical evidence of a correlation be-
tween the (cellulose+hemicelluloses)/pectin ratio and T, at
intraspecific level in response to stress. Our findings further
support the notion that the degree of hydrophilicity and elas-
ticity of the cell wall may affect g, (Carriqui ef al., 2020)
and, additionally, provide evidence on decreased g, when
the deposition of cell wall-stiffening hydrophobic compo-
nents increases. However, the observed responses for most of
the studied parameters largely differed between short- and
long-term water deficit stress, which makes our results diffi-
cult to compare with previous studies as most of them have
only addressed short-term responses. Thus, more studies are
required for a better understanding of which processes take
place during short- and long-term water deprivation as well
as under recovery conditions in a wider range of species to
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analyse how photosynthetic, biochemical, and anatomical
modifications are related to cell wall modifications.

Supplementary data

The following supplementary data are available at JXB online.
Table S1. Pearson correlation matrix of physiological, leaf
water relations, cell wall, and anatomical parameters measured
in H. annuus plants across all experimental conditions.
Fig. S1. Characterization of leaf water relations in H. annuis
plants grown under different conditions.
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Fig. S1. Leaf water relations characterization in H. annuus plants grown under different
conditions (“CL”: control, “LT”: long-term water deficit stress, “LT-Rec”: long-term water
deficit stress with recovery, “ST”: short-term water deficit stress and “ST-Rec”: short-term
water deficit stress with recovery). (A) Leaf water potential at turgor loss point (Wup), (B)
relative water content at turgor loss point (RWCup), (C) leaf osmotic potential at full turgor (o),
(D) bulk modulus of elasticity (g), (E) apoplastic water fraction (af) and (F) leaf area specific
capacitance at full turgor (C*#). Different superscript letters indicate significant difference (P

< 0.05) across all experimental conditions according to LSD test. n = 4-6 (means + SE).
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Highlight
Changes in cell wall main composition of mature H. annuus leaves differentially affect
photosynthesis during gradual short-term water deficit stress and during dynamic recovery after

long-term water deficit stress.

Abstract

In a previous study, we showed that different water availability conditions induced changes in
cell wall composition of mature Helianthus annuus L. leaves that correlated with mesophyll
conductance to CO> diffusion (gm). Since that study did not determine the velocity of these
changes, this issue remains unresolved. To evaluate the dynamism of modifications in cell wall
main composition (cellulose, hemicelluloses, pectins and lignins) affecting photosynthesis
under different water availability regimes, we tested H. annuus subjected to control conditions
(i.e., water availability), different levels of short-term water deficit stress (ST), long-term water
deficit stress (LT) and long-term water deficit stress followed by gradual recoveries addressed

at different times (LT-Rec). The imposition of these conditions promoted modifications in cell
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wall composition that were accompanied by distinct photosynthetic adjustments. During the
application of gradual ST treatments, pectins enhancements were associated with gm declines.
However, during LT-Rec, pectins content decreased significantly after only 5 h, while the
concentration of other cell wall components such as hemicelluloses and lignins changed after
24 h, all of them being uncoupled from gm. Surprisingly, lignins increased by around 200% as
compared to control and were related to stomatal conductance to gas diffusion (gs) during

gradual recovery.

Key words
Cell wall composition, Helianthus annuus, lignins, mesophyll conductance to CO- diffusion,

pectins, photosynthesis, recovery, stomatal conductance to gas diffusion, water deficit stress.

Abbreviations

Alcohol insoluble residue (AIR), net CO assimilation (An), electron transport rate (ETR),
mesophyll conductance to CO; diffusion (gm), stomatal conductance to gas diffusion (gs), light
mitochondrial non-photorespiratory respiration rate (Riight), leaf relative water content (RWC),
water use efficiency (WUE), leaf water potential (), midday leaf water potential (Wma), pre-

dawn leaf water potential (Wpd).

Introduction
The plant cell wall is a complex structure surrounding plant cells that is composed by distinct
types of polysaccharides, phenolic compounds, structural proteins, and other small molecules
(Carpita and Gibeaut, 1993; Cosgrove, 2005, 2018; Keegstra, 2010; Tenhaken, 2015; De
Lorenzo et al., 2019; Anderson and Kieber, 2020). Most studies have focused on primary cell
walls, which are mainly formed by cellulose, hemicelluloses and pectins (Carpita and Gibeaut,
1993; Cosgrove, 2005, 2018; Tenhaken, 2015; Novakovi¢ et al., 2018; De Lorenzo et al., 2019;
Anderson and Kieber, 2020). Of the previous, cellulose is the most abundant polysaccharide,
consisting in a few hundred to over 10.000 residues of (1,4)-linked-B-D-glucose chains forming
long, insoluble, and unbranched crystalline microfibrils due to hydrogen bounds (Cosgrove,
2005, 2018; Keegstra, 2010; Anderson and Kieber, 2020). Among those closely packed
cellulose microfibrils, non-cellulosic polysaccharides (hereafter “hemicelluloses”) are
deposited (Carpita and Gibeaut, 1993; Tenhaken, 2015; Novakovi¢ et al., 2018). This cellulose-
hemicelluloses network is entrenched in a pectin matrix, which is thought to be a crucial
structure determining cell wall hydrophilic properties as well as its porosity, viscosity, rigidity
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and thickness (Baron-Epel et al., 1988; Vicreé et al., 1999; Cosgrove, 2005; Moore et al., 2008;
Ochoa-Villareal et al., 2012; Houston et al., 2016; Carriqui et al., 2020; Roig-Oliver et al.,
2020a,b). In some types of primary cell walls, secondary walls are internally deposited to
provide strength and rigidity to no longer growing tissues (Cosgrove, 2005; Keegstra, 2010;
Tucker et al., 2018). Particularly, lignin is a specific phenolic polymer consisting of highly
condensed polymeric matrices (core lignin) and low molecular weight phenolic monomers and
oligomers (non-core lignin) relatively abundant in secondary walls (liyama et al., 1994;
Wallace and Fry, 1994; Moreira-Vilar et al., 2014). Lignin accumulation during plant
exposition to environmental stresses has been related to alterations in cell wall characteristics,
such as extensibility, hydrophobicity, flexibility, and mechanical strength (liyama et al., 1994;
Wallace and Fry, 1994; Lampugnani et al., 2018; Terrett and Dupree, 2019).

The cell wall was traditionally considered to be robust and static from a compositional
perspective, but it is now recognized as a highly dynamic structure that is required to define an
appropriated leaf architecture (Baskin, 2005; Cosgrove, 2005, 2018; Caffall and Mohnen, 2009;
Ochoa-Villarreal et al., 2012; Tenhaken, 2015; Weraduwage et al., 2018; Lampugnani et al.,
2018; De Lorenzo et al.,, 2019; Rui and Dinnery, 2019; Anderson and Kieber, 2020).
Particularly, cell wall modifications occur during its synthesis and assembly, promoting
changes in the orientation of cytoskeleton structures with subsequent alterations in the cross-
linking interactions between cell wall components (Weraduwage et al., 2018). However, there
is still controversy when referring to the dynamism of those modifications occurring in the cell
wall of expanded and mature leaves (Houston et al., 2016; Cosgrove, 2018). On the one hand,
it is assumed that changes in cell wall composition and architecture control different stages of
plant cells differentiation during embryogenesis and subsequent growth (Cosgrove, 2018),
leading to the establishment of a specific leaf architecture (Weraduwage et al., 2018). Thus,
during cell growth, the cell wall has to be enough flexible to allow for the cellular expansion
and it has to synthesize new wall material to properly encapsulate and reinforce the growing
cell while providing structural support (Baskin, 2005; Houston et al., 2016; Lampugnani et al.,
2018; Weraduwage et al., 2018). Hence, the genetic regulation of the constant synthesis and
modification of the cell wall material promotes disruptions and cross-linkages reassembling
(Cosgrove, 2005, 2018; Weraduwage et al., 2018). However, when the cell has ceased growing
and dividing and mature leaves are constituted, thicker and robust secondary walls are internally
deposited in some types of primary walls (Cosgrove, 2005; Keegstra, 2010; Houston et al.,
2016; Lampugnani et al., 2018; Tucker et al., 2018). In these mature leaves, cell wall

composition modifications were thought to be of lesser importance in comparison to those
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taking place during leaf growth and expansion (Houston et al., 2016; Cosgrove, 2018),
inhibiting wall ability to rearrange in response to external stressors (Sahaf and Sharon, 2016).
Some studies have recently demonstrated that mature leaves of plants subjected to
different abiotic stressors display significant changes in their cell wall composition that are
strongly related to photosynthesis —particularly, to mesophyll conductance to CO> diffusion
(gm)—, suggesting that these modifications may dynamically affect cell wall porosity in response
to stress (Clemente-Moreno et al., 2019; Roig-Oliver et al., 2020a,b). Although specific
differences were found depending on the tested species and stress conditions, in most of these
studies the pectin content or the pectin fraction was somehow related to gm. Regardless of the
specific relationship between gmand cell wall composition found in these previous studies, all
of them analysed photosynthesis and cell wall composition responses after plants acclimation
to a particular condition from days to weeks. Therefore, the dynamism of those modifications
occurring in cell wall composition of mature leaves determining photosynthesis in small
temporal scales remains unexplored. Since the application of distinct water availability regimes
induces changes in both photosynthesis and cell wall composition (Chaves et al., 2002, 2009;
Flexas et al., 2004; Vicré et al., 1999; Tenhaken, 2015; Novakovi¢ et al., 2018; Rui and
Dinnery, 2019; Roig-Oliver et al., 2020a,b), we tested Helianthus annuus L. subjected to
different water conditions with two aims: (1) to confirm the relevance of these cell wall
modifications affecting photosynthesis in an extended range of short-term water deficit stress
conditions; and (2) to evaluate the dynamism of those changes occurring in the cell wall
composition of mature leaves immediately after rewatering plants subjected to long-term water
deficit stress. Thus, we extended the experimental design of our previous study testing the same
species (Roig-Oliver et al., 2020a) applying gradual short-term water deficit stress treatments
and a long-term water deficit stress treatment followed by gradual recoveries to monitor in
detail how modifications in cell wall main composition (i.e., cellulose, hemicelluloses, pectins

and lignins) and photosynthesis occurred.

Material and Methods

Plant material, experimental design, and growth conditions

H. annuus seeds were sown individually in water-irrigated 3 litre pots containing a substrate
mixture of peat:perlite (3:1, v/v). They were placed in a growing chamber at 25 °C receiving
200-300 pmol m st of photosynthetic photon flux density (PPFD) for 12 h followed by 12 h
of darkness. At the sowing day, pots were randomly subjected to different growing conditions:

control (CL, without stress), short-term water deficit stress (ST), long-term water deficit stress
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(LT) and long-term water deficit stress followed by a recovery (LT-Rec). Within the plants
belonging to ST and LT-Rec treatments, randomly selected individual replicates were kept
under distinct water availability conditions for a detailed monitoring of those changes
associated to specific levels of ST and LT-Rec (see Fig. 1 for more detail).

Control plants were maintained at 100% field capacity (FC) for 44 days. The same
conditions were applied to all plants belonging to ST treatments, being followed by the
imposition of water deprivation. In order to monitor those changes occurring immediately after
achieving a specific level of water shortage, individual ST replicates were randomly selected to
be measured when reaching 80, 65, 50 and 40% FC (ST-80% FC, ST-65% FC, ST-50% FC and
ST-40% FC, respectively; Fig. 1). As it took 4 days to descend from a specific % of FC to the
following, additional control plants were maintained at 100% FC during the gradual
performance of ST. Thus, they were measured at the same ages of ST-65% FC and ST-40% FC
treatments (i.e., 52 and 60 days-old, respectively; Fig. 1) to remove the “age effect” from all
ST measurements, ensuring that photosynthetic and cell wall compositional changes were
exclusively attributed to each specific level of water deficit stress. LT treatment was achieved
by decreasing the pots FC from 100% to 40%, starting at the sowing day. Hence, when 40%
FC was reached —usually after 18 days from the sowing—, this water status was maintained for
26 days. Plants belonging to LT-Rec treatments were kept under the same conditions that those
of LT, but a rewatering to 100% FC was applied at different time points to ensure that all of
them were 44 days-old when measured. Particularly, plants were recovered and subsequently
maintained at 100% FC for 5, 24, 48, 72 and 96 h (LT-Rec 5h, LT-Rec 24h, LT-Rec 48h, LT-
Rec 72h and LT-Rec 96h, respectively; Fig. 1). Considering that no leaves were unfolded during
ST treatments, measurements were performed on fully expanded leaves previously developed
under well-watering conditions. Instead, LT treatment allowed for leaves expansion under
stress conditions. Thus, LT and LT-Rec measurements were performed in leaves completely
developed under water shortage.

In all cases, five randomly selected individual replicates were subjected to those specific
conditions imposed by each treatment (Fig. 1). All plants were daily monitored to maintain each

pot FC at a specific level by replacing evapo-transpired water.

Plants water status
For each plant belonging to CL, LT and ST treatments, a fully expanded leaf was employed to
determine the pre-dawn (Wpd) and the midday (Wmd) leaf water potentials with a pressure

chamber (Model 600D; PMS Instrument Company, Albany, USA). Instead, the leaf water
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potential (V) was determined before starting gas exchange performance in all LT-Rec
treatments. Additionally, the leaf relative water content (RWC) was calculated in the same

leaves in which Wmq and ¥ were estimated using the following equation:

FW — DW

RWE = Tw—Dw

x 100

Thus, leaves fresh weight (FW) was obtained immediately after measuring Wmaq or . Then,
leaves turgid weight (TW) was obtained after their rehydration in distilled water for 24 h in
darkness at 4 °C. Finally, leaves were transferred to an oven kept at 70 °C for, at least, 72 h to
obtain their dry weight (DW).

Gas exchange and chlorophyll fluorescence measurements

A gas exchange system equipped with a 2 cm? fluorescence chamber (Li-6400-40; Li-Cor Inc.,
Lincoln, NE, USA) was used to perform simultaneous measurements of gas exchange and
chlorophyll a fluorescence. Per each plant, the third fully-expanded leaf from the apex was
employed to determine the net CO- assimilation (An), the stomatal conductance to gas diffusion
(0s), the CO- concentration at the sub-stomatal cavity (Ci) and the steady-state fluorescence (Fs)
at 25 °C, 400 umol CO, mol™ air and saturating light (1500 pmol m2s?, 90-10% red-blue light)
after reaching steady-state conditions (usually after 15-20 min). Afterward, a saturating light
flash of around 8000 pmol m? s was applied to determine the maximum fluorescence (Fm’).
From these values, the real quantum efficiency of photosystem II (®psii) was recorded in the
equipment. The electron transport rate (ETR) was calculated as described in Valentini et al.
(1995) by the performance of light curves under negligible photorespiratory conditions (= 1%
O2). The dark respiration rate was estimated after plants acclimation to darkness for 30 min
(Niinemets et al., 2005). From this value, the light mitochondrial non-photorespiratory
respiration rate (Riight) was calculated. The mesophyll conductance to CO> diffusion (gm) was
estimated from previous values (Harley et al., 1992) assuming that the CO> compensation point
in the absence of respiration (7*) was averaged from previously reported values for H. annuus
(Parry et al., 1989; Kent et al., 1992; Kanevski et al., 1999; Sharwood et al., 2008).

Cell wall extraction and fractionation
Sampling for cell wall composition analyses was done in the same leaves used for gas exchange

measurements. Whereas in CL, LT, and all ST treatments the sampling was performed after
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keeping plants under darkness overnight to minimize foliar starch content, LT-Rec sampling
was addressed immediately after completing gas exchange measurements. In all cases, around
1 g of fresh foliar tissue per plant was cut avoiding main veins. These portions were placed in
screw-capped glass tubes filled with absolute ethanol to be boiled until bleached. In order to
eliminate any alcohol-soluble residue, samples were cleaned twice with acetone >95% for 30
min, obtaining the alcohol insoluble residue (AIR), an approximation of the crude isolated cell
wall material. Each AIR was split in two for the evaluation of distinct cell wall compounds.
The AIR fraction destined to cellulose, hemicelluloses and pectins quantification was subjected
to a-amylase digestion to remove starch residues, which were especially abundant in LT-Rec
treatments due to sampling conditions. When no starch residues were further observed, 3
technical replicates per AIR weighting around 3 mg were hydrolysed with 2 M trifluoroacetic
at 121 °C for 1 h. They were subsequently centrifuged at 13000 g, differentiating an aqueous
supernatant (non-cellulosic cell wall material, i.e., hemicelluloses and pectins) and a pellet
(cellulosic cell wall material). Although supernatants were kept at —20 °C until used, cellulosic
pellets were cleaned twice with distilled water and twice more with acetone >95%. They were
air-dried at room temperature to be hydrolysed with 200 ul sulphuric acid 72% (w/v) for 1 h,
diluted to 6 ml with distilled water and heated at 121 °C until pellet degradation. Once cooled,
the obtained aqueous samples were used for cellulose quantification following the phenol
sulphuric acid method (Dubois et al., 1956). The same procedure was employed to calculate
hemicelluloses concentration. Thus, both sugars contents were estimated interpolating samples
absorbances at 490 nm from a glucose calibration curve. To quantify pectins, samples
absorbances were read at 520 nm to be calculated from a galacturonic acid calibration curve
(Blumenkrantz and Asboe-Hansen, 1973). In all cases, a Multiskan Sky Microplate
Spectrophotometer (ThermoFisher Scientific) was employed. The left AIR fraction used for
lignins quantification was dehydrated in an oven at 70 °C for, at least, 72 h. AIRs were grounded
to fine powder and around 15 mg of each one were used to quantify lignins content using the
acetyl bromide method (Fagerstedt et al., 2015), which quantifies both core and non-core lignin
(Moreira-Vilar et al., 2014). Hence, lignins concentration was obtained interpolating samples
absorbances at 280 nm from a lignin calibration curve. In this case, a spectrophotometer UV-

160A Shimadzu (Shimadzu, corp.) was employed.

Statistical analysis
Before any other statistical analysis, Thompson test was applied to find and subtract outliers

for all studied parameters. Afterwards, the R software (ver. 3.2.2; R Core Team, Vienna,
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Austria) was used to perform further statistical tests. First, data passed Shapiro—-Wilk and
Bartlett tests for normality and equality of variances, respectively. Then, one-way ANOVA and
subsequent LSD test were addressed to detect statistically significant differences (P<0.05)
among treatments during gradual ST and during LT with gradual recoveries for all tested
parameters. Afterward, Pearson’s correlation matrices were created to find pair-wise
correlations among all analysed parameters, being significant and highly significant at P<0.05
and P<0.01, respectively. Finally, linear regressions between photosynthetic features and cell

wall compositional traits were fitted utilizing mean values per treatment.

Results

Physiological and cell wall composition changes in response to gradual levels of short-term
water deficit stress

The imposition of ST treatments resulted in statistically significant lower values for Wpd, Wmd
and RWC than under CL (Table 1). Particularly, Wpq decreased gradually when intensifying the
level of water shortage until reaching the lowest value in ST-40% FC (-1.69 £ 0.07 MPa; Table
1). Although Wmg was similarly maintained to CL in ST-80% FC and ST-65% FC, significant
reductions were found under ST-50% FC (Table 1). Again, ST-40% FC presented the lowest
value (-1.89 £ 0.11 MPa; Table 1). Whilst CL and ST-80% FC exhibited the highest RWC, ST-
40% FC reached the lowest (44.59 + 2.51 %; Table 1).

ST application did not result in statistically significant decrease in An compared to CL
until reaching ST-40% FC (3.54 + 0.51 pmol CO, m? s%; Table 2). CL presented the highest
0s (0.33 + 0.06 mol CO2 m? s?), which was reduced up to 80% after ST-40% FC imposition
(Table 2). Concerning gm, slight reductions were promoted during gradual ST, achieving the
lowest value in ST-40% FC (0.09 + 0.00 mol CO> m?2sL; Table 2). Similarly, only ST-40% FC
displayed significantly increased WUE as compared to CL (Table 2). No statistically significant
differences were found among treatments regarding ETR and Riignt (Table 2).

Based on absolute values for each cell wall component (Supplementary Table S1), the
temporal variation in their relative abundance during gradual ST imposition is shown (Fig. 2).
Whilst cellulose relative abundance was gradually reduced from CL to ST-65% (i.e., from
100.00 + 11.42 to 45.43 + 3.29 % CL), significant enhancements were subsequently detected
(Fig. 2). Although hemicelluloses relative content was maintained to values close to CL in ST-
80% FC, it dropped thereafter presenting similarly lower values across ST-65%, 50% and 40%

FC (Fig. 2). Pectins relative concentration gradually increased during gradual ST, reaching the
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highest value in ST-40% FC (165.87 + 9.76 % CL; Fig. 2). Even though lignins relative
abundance was almost maintained to CL in ST-80% FC and ST-65% FC (116.31 + 5.94 and
110.74 + 9.66 % CL, respectively), reductions of around 37% were detected in ST-50% FC as
compared to CL (Fig. 2). Nonetheless, ST-40% FC presented almost 1.3 times higher lignins
relative concentration compared to CL (Fig. 2).

While all the results described above were obtained after subtracting the age effect in
all ST treatments, trends were similar for all parameters even without correcting the data
(Supplementary Fig. S1 and Supplementary Tables S2 and S3). Significant correlations
between cell wall composition and photosynthetic parameters were detected during gradual ST
imposition (Supplementary Table S4). Particularly, whilst gm and pectins correlated negatively
(R?=0.7, P=0.05, Fig. 3A), a positive relationship between the gm/gs ratio and pectins was found
(R?=0.91, P<0.01, Fig. 3B).

Physiological and cell wall composition changes upon long-term water deficit stress and
subsequent recoveries

Although LT presented the lowest W among treatments (-1.68 + 0.30 MPa), it was immediately
restored to CL upon recovery (Fig. 4A). Similarly, LT presented the lowest RWC (55.68 + 0.96
%), which increased gradually during LT-Rec application until reaching a slightly higher value
than CL in LT-Rec 96h (85.07 + 1.25 %; Fig. 4B).

The application of LT-Rec treatments resulted in gradual photosynthesis enhancement
since LT-Rec 96h presented almost 2.5 times larger Ay than CL (31.40 + 1.57 pmol CO, m2 s°
- Fig. 5A). Regarding gs, CL value was achieved in LT-Rec 24h (0.33 + 0.05 mol CO2 m2s?)
and increased thereafter until reaching the highest value in both LT-Rec 72h and LT-Rec 96h
(Fig. 5B). Nonetheless, LT and LT-Rec treatments did not promote any statistically significant
modification for gm as compared to CL (Fig. 5C). However, LT-Rec 5h application declined
WUE around 23% in comparison to LT (Fig. 5D). Further reductions were detected in LT-Rec
24h and thereafter, representing the achievement of CL value (Fig. 5D). The higher ETR was
exhibited in both LT-Rec 72h and LT-Rec 96h treatments (243.10 + 13.14 and 274.55 £ 20.93
umol m? s, respectively), representing more than 2-fold higher ETR than CL (Fig. 5E).
Finally, Riignt gradually increased during LT-Rec application, reaching the highest value in LT-
Rec 72h (1.81 + 0.16 pmol CO, m? s%; Fig. 5F).

Absolute values for each cell wall component are found in Supplementary Table S1.
Concerning temporal variation in cell wall composition during LT and gradual LT-Rec

application, cellulose relative concentration was equally maintained to CL value across all
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tested conditions (Fig. 6). Nonetheless, LT and subsequent LT-Rec treatments resulted in
significantly lower hemicelluloses relative abundance as compared to CL (Fig. 6). Although
LT exhibited higher pectins relative concentration than CL (123.70 £ 3.64 and 100.00 + 4.82
% CL, respectively), it was significantly reduced upon recovery, finally reaching an almost
similar CL value in LT-Rec 96h (87.82 £ 1.54 % CL; Fig. 6). Lignins relative abundance was
around 3.5-fold lower in both LT and LT-Rec 5h in comparison to CL (Fig. 6). However, lignins
relative abundance increased up to 200% in LT-Rec 24h, 48h, 72h and 96h (Fig. 6).

Significant relationships between cell wall composition and photosynthetic parameters
were found during LT and gradual LT-Rec treatments (Supplementary Table S5). Specifically,
a positive correlation between gs and lignins was detected (R?=0.69, P=0.01, Fig. 7).

Discussion

Water availability is crucial for plants development, growth, and survival (Chaves et al., 2002,
2009; Flexas et al., 2004). Since the intensity, the progression and the duration of distinct water
shortage conditions promote different photosynthetic adjustments (Chaves et al., 2009), we
reported contrasting responses due to ST and LT imposition. Although An reduction during
gradual ST mainly resulted from a gs decline (Table 2), LT reached higher An rates than control
because of an enhancement in ETR (Fig. 5). These results show a clear acclimation response in
those sunflower leaves that emerged after the imposition of long-term water deficit stress and
agree with the observed results from previous studies evaluating the same species (Pankovi¢ et
al., 1999; Roig-Oliver et al., 2020a). Nonetheless, gradual photosynthesis enhancements during
LT-Rec treatments were attributed to stomatal opening as well as to increments in biochemical
capacity (Fig. 5).

By the application of gradual ST and LT-Rec treatments, we could examine in detail
how changes in cell wall composition occurred, evidencing their high dynamism in mature
leaves (Figs. 2 and 6). On one hand, gradual ST imposition resulted in enhanced pectins relative
content, reaching the highest value under ST-40% FC (Fig. 2). The fact that water deficit stress
increases the amount of pectins has been widely described (see, for instance, Sweet et al., 1990;
Vicré et al., 1999, 2004; Leucci et al., 2008; Moore et al., 2008; Clemente-Moreno et al., 2019;
Nadal et al., 2020; Roig-Oliver et al., 2020a,b,c) and could reflect the importance of pectins in
maintaining an appropriate degree of cell wall hydration during water deprivation, which may
also imply alterations in wall flexibility and extensibility (Leucci et al., 2008; Moore et al.,
2008; Tenhaken, 2015). Actually, this role for pectins function has been proposed even in

resurrection plants, which are capable to withstand many cycles of several water losses thanks
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to modifications in pectins physicochemical properties as well as in their interactions with other
cell wall components (Vicré et al., 1999, 2004; Moore et al., 2008). Similarly to ST application
and to those results that we previously reported (Roig-Oliver et al., 2020a), higher pectins
content was also detected under LT as compared to control conditions (Fig. 6), decreasing
significantly after only 5 h upon recovery (Fig. 6). These results are of high relevance since
most studies exploring the dynamism of cell wall modifications due to abiotic stresses focused
on genetic and/or proteomic responses instead of on compositional analyses and did not address
potential changes in time scales as short as those evaluated here (reviewed in Tenhaken, 2015).
On the other hand, lignins —representing that cell wall component which is mainly found in
secondary cell walls— also displayed important variations in their relative abundance (Figs. 2
and 6) which could be potentially associated to alterations in cell wall strength, flexibility, and
extensibility (Wallace and Fry, 1994; Terrett and Dupree, 2019). Vincent et al. (2005) and Terzi
et al. (2013) have previously reported that lignins content varied after days of water deficit
stress imposition. However, as shown here, these modifications occurred more rapidly than
expected and/or previously reported and were of especially large magnitude during gradual LT-
Rec application —particularly, after 24 h of rewatering—, evidencing high responsiveness of
lignins biosynthesis to different water availability treatments.

Some studies have recently demonstrated that changes in cell wall composition regulate
photosynthesis —particularly, via gm— testing mature leaves developed under well-watering
conditions with subsequent acclimation to contrasting abiotic stresses (Clemente-Moreno et al.,
2019; Roig-Oliver et al., 2020Db,c). Although Roig-Oliver et al. (2020b) detected that changes
in cellulose amounts were the main determinant of gm responses in grapevines subjected to
distinct environmental conditions for a month, species-specific adjustments emerged
comparing G. biloba and H. annuus submitted to water deprivation for 40 days (Roig-Oliver et
al., 2020c). However, in the present study we found that modifications in pectins absolute
concentration was related to gm modifications occurring during gradual ST (Fig. 3A), which
agrees with the results reported by Clemente-Moreno et al. (2019) testing salt- and water-
stressed tobacco for six days. Additionally, we observed for the first time that pectins were
responsible of enhancements in the gm/gs ratio during gradual ST (Fig. 3B). Overall, we suggest
that the application of ST treatments differing in their degree of water deprivation promoted
pectins accumulation which could be accompanied by modifications in their physicochemical
properties as well as in their interactions with other wall components, ultimately altering cell

wall characteristics that affect the CO diffusion such as porosity and thickness (Carpita et al.,
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1979; Baron-Epel et al., 1988; Frankova and Fry, 2013; Lundgren and Fleming, 2020; Flexas
etal., 2021).

To the best of our knowledge, only the study by Roig-Oliver et al. (2020a) examined
the effect of LT and LT-Rec testing mature leaves developed under water shortage conditions.
However, since in that study the number of different treatments was small, correlations among
parameters were tested pooling ST and LT data together. Nonetheless, the more accurate study
presented here suggests that LT plants may behave differently than ST ones. Surprisingly, the
detailed LT-Rec monitoring that we performed showed that larger gs achieved upon recoveries
were associated to enhancements in lignins amounts (Fig. 7). Whilst Kuusk et al. (2018)
reported that lignins did not directly affect photosynthesis, Roig-Oliver et al. (2020a) found
that they were almost significantly correlated with gm combining data for sunflowers subjected
to short- and long-term water deficit stresses followed by recoveries. Additionally, Coleman et
al. (2008) observed that severe reductions of cell wall lignification in transgenic poplar trees
were accompanied by significant gs declines, leading to the suggestion that changes in guard
cells’ cell wall composition as well as in the functioning of specific wall enzymes could
potentially affect stomatal movements (Gago et al., 2016) even under water deficit stress (Choi
et al., 2011). Although more detailed studies are necessary to elucidate how specific changes
in guard cells’ cell wall composition promote gs adjustments, our results indicate that even
modifications in leaf cell wall composition have the potential to influence gs.

In conclusion, this study shows photosynthesis responses and a highly dynamic cell wall
main composition turnover in mature leaves of H. annuus subjected to different levels of water
availability. During gradual ST, enhanced pectins content correlated with down-regulated gm.
In contrast, LT leaves did not show impaired gm, and the detailed monitoring of LT-Rec
reflected that photosynthesis was gradually increased from LT because of gs and ETR
enhancements. These photosynthetic changes occurring upon recovery were accompanied by
fast modifications in cell wall main composition, with pectins and lignins being the fastest and
most widely changing compounds, respectively. Particularly, after only 5 h of rewatering,
pectins presented an even lower concentration than control, while lignins drastically increased
(>200%) after 24 h, being associated with gsincrements. Consequently, given that the observed
responses for most of the traits differed between gradual ST as well as during LT and LT-Rec,
further studies testing other species subjected to more conditions are required to elucidate the

relevance of modifications in cell wall composition distinctly affecting photosynthesis.
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Table 1. Leaf water status of H. annuus plants gradually subjected to different conditions
(CL: control; ST-80%, ST-65% FC, ST-50% FC and ST-40% FC: short-term water deficit
stress at 80%, 65%, 50% and 40% FC, respectively). Mean values = SE are shown for
pre-dawn leaf water potential (¥pd), midday leaf water potential (¥md), leaf water
potential () and leaf relative water content (RWC). Different letters indicate significant
difference (P<0.05) across all experimental conditions according to LSD test. n=5 in all

cases.
Treatments bl Fime RWC
(MPa) (MPa) (%)

CL -0.12 £ 0.012 -0.27 + 0.06? 84.54 + 0.572

ST-80% FC -0.20 £ 0.02% -0.35 + 0.05? 81.17 + 0.622

ST-65% FC -0.29 + 0.05° -0.36 + 0.05% 79.86 + 0.68"

ST-50% FC -0.54 £ 0.07° -0.95 + 0.08° 81.99 + 0.82%
ST-40% FC -1.69 + 0.07¢ -1.89 +£0.11° 4459 + 2.51°
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Fig. 2. Relative abundance of main cell wall components during gradual ST imposition.
Different letters indicate significant difference (P<0.05) across all experimental
conditions according to LSD test. n=5 (means + SE).
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Fig. 4. Recovery of leaf water status of H. annuus plants (CL: control; LT: long-term
water deficit stress; LT-Rec 5h, LT-Rec 24h, LT-Rec 48h, LT-Rec 72h and LT-Rec 96h:
long-term water deficit stress followed by 5, 24, 48, 72 and 96 h of recovery,
respectively). Mean values + SE are shown for leaf water potential () and leaf relative
water content (RWC). Different letters indicate significant difference (P<0.05) across all

experimental conditions according to LSD test. n=5 in all cases.
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Fig. 5. Recovery of photosynthetic parameters in H. annuus plants (LT: long-term water
deficit stress; LT-Rec 5h, LT-Rec 24h, LT-Rec 48h, LT-Rec 72h and LT-Rec 96h: long-
term water deficit stress followed by 5, 24, 48, 72 and 96 h of recovery, respectively).
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(P<0.05) across all experimental conditions according to LSD test. n=5 in all cases.
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Table S2. Leaf water status of H. annuus plants gradually acclimated to different
conditions (CL.: control; ST-80%, ST-65% FC, ST-50% FC and ST-40% FC: short-term
water deficit stress at 80%, 65%, 50% and 40% FC, respectively). Mean values * SE are
shown for direct values (i.e., the combined effect of age and water deficit stress) of pre-
dawn leaf water potential (Wpd), midday leaf water potential (Wmd), and leaf relative water
content (RWC). Different letters indicate significant difference (P<0.05) across all
experimental conditions according to LSD test. n=5 in all cases.

Ypod Wmd RwWC
Treatments

(MPa) (MPa) (%)
CL -0.12 £ 0.018 -0.27 £ 0.062 84.54 + 0.572
ST-80% FC -0.15 £ 0.028 -0.30 £ 0.052 85.40 +1.13%
ST-65% FC -0.26 £ 0.072 -0.32 +0.078 85.15 + 0.628
ST-50% FC -0.45 +0.07? -0.80 + 0.08° 85.10 + 0.512
ST-40% FC -1.58 £ 0.07° -1.71 £0.11° 47.74 +1.49°
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Ginkgo biloba and Helianthus annuus show different strategies to adjust
photosynthesis, leaf water relations, and cell wall composition under water
deficit stress

M. ROIG-OLIVER", M. NADAL', J. BOTA, and J. FLEXAS

Research Group on Plant Biology under Mediterranean Conditions, Department of Biology, Universitat de les Illes
Balears (UIB), INAGEA, Carretera de Valldemossa Km 7.5, 07122 Palma, Illes Balears, Spain

Abstract

Cell wall thickness (T..) determines photosynthesis and leaf elasticity. However, only a few studies in angiosperms
addressed cell wall composition implication in regulating photosynthesis and leaf water relations through mesophyll
conductance (g,) and bulk modulus of elasticity (€) adjustments, respectively. Thus, we compared the phylogenetically
distant Ginkgo biloba L. and Helianthus annuus L. under control and water deprivation to study the relationship between
changes in cell wall composition (cellulose, hemicelluloses, and pectins) with g, and €. Although no changes were
found for T.., both species differently modified cell wall composition, resulting in different physiological consequences.
H. annuus increased cellulose, hemicelluloses, and pectins in a similar proportion, maintaining €. Additionally, it reduced
photosynthesis due to stomatal closure. G. biloba did not decrease photosynthesis and largely increased hemicelluloses,
leaf mass area, and leaf density, enhancing €. Nonetheless, no association between cell wall composition and g, was found
in either of the two species.

Keywords: angiosperm; gymnosperm; leaf structure.

Introduction determine g. across plants' phylogeny and in response

to different environmental conditions (Terashima et al.

Photosynthesis is a complex phenomenon that involves
both diffusional and biochemical processes (Flexas et
al. 2004, von Caemmerer ef al. 2009). The diffusional
process consists of the CO, pathway from the atmosphere
to the substomatal cavity (stomatal conductance, g;) across
the mesophyll tissue (mesophyll conductance, g,) until
reaching its carboxylation sites at chloroplasts stroma,
where biochemical processes occur (Flexas et al. 2004,
Evans et al. 2009, von Caemmerer et al. 2009). Even though
the mechanistic nature of g, is not yet fully understood
(Evans et al. 2009, Flexas ef al. 2012), some studies have
evidenced that leaf anatomical traits, particularly cell wall
thickness (T.) and chloroplasts surface area exposed to
intercellular air spaces per leaf area (S¢/S), are crucial to
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2001, Evans ef al. 2009, Flexas ef al. 2012, Tomas et al.
2013, Carriqui ef al. 2015, 2019, 2020; Tosens ef al. 2016,
Onoda et al. 2017, Peguero-Pina ef al. 2017, Veromann-
Jiirgenson et al. 2017). Hence, as thick cell walls limit
gw and, simultaneously, potentially increase cells rigidity
(enhanced bulk modulus of elasticity, €) (Tyree and Jarvis
1982, Peguero-Pina et al. 2017), a trade-off between gy
and net photosynthetic rate (Py) with € was demonstrated
in a wide range of species under nonstress conditions
(Nadal et al. 2018). Nonetheless, the mechanistic basis of
€ and its intraspecific dynamics during plant's acclimation
to changing environmental conditions are still poorly
understood. Although Niinemets (2001) and Sack et al.
(2003) proposed that leaf structure, particularly leaf mass

Abbreviations: a: — apoplastic water fraction; AIR — alcohol insoluble residue; C*; — leaf area specific capacitance at full turgor;
ETR —electron transport rate; fi; — fraction of mesophyll intercellular air spaces; gm — mesophyll conductance; g. — stomatal conductance;
LA - leaf area; LD — leaf density; LMA — leaf mass area; Py — net photosynthetic rate; Ry — light respiration; RWCy, — relative water
content at turgor loss point; S/S — chloroplasts surface area exposed to intercellular air spaces per leaf area; T... — cell wall thickness;
WUE; — intrinsic water-use efficiency; € —bulk modulus of elasticity; m, — osmotic potential at full turgor; Wy, — water potential at turgor
loss point.
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area (LMA) and leaf density (LD), was the main driver of
€, more recent studies suggested that cell wall composition
and properties could be also relevant for determining &
(Moore et al. 2008, Solecka et al. 2008, Alvarez-Arenas
et al. 2018, Roig-Oliver et al. 2020).

The plant cell wall, a complex structure considered as
a protective barrier to face those biotic and abiotic stresses
occurring during plants' life, is mainly compounded
by cellulose microfibrils (Carpita and Gibeaut 1993,
Cosgrove 1997, 2005; Somerville ef al. 2004, Sarkar ef al.
2009, Tenhaken 2015, Houston et al. 2016, Rui and
Dinnery 2019). Between those closely packed microfibrils,
noncellulosic neutral sugars (hereafter ‘hemicelluloses”)
are placed, conferring stability to the wall (Carpita
and Gibeaut 1993, Cosgrove 1997, 2005; Somerville
et al. 2004, Sarkar et al. 2009, Tenhaken 2015, Rui and
Dinnery 2019). This cellulose-hemicelluloses network
is embedded in a pectin matrix which has been proposed
as a crucial structure to maintain an appropriate cell wall
hydric status, especially during water deficit stress (Vicré
et al. 2004, Cosgrove 2005, Leucci et al. 2008, Moore
et al. 2008, 2013; Schiraldi et al. 2012, Le Gall et al.
2015, Houston ef al. 2016). Additionally, the pectin matrix
seems to be a key structure determining wall porosity
and thickness (Somerville et al. 2004, Cosgrove 2005,
Tenhaken 2015, Houston et al. 2016, Rui and Dinnery
2019), leading to the suggestion that it could influence
CO diffusion and, thus, photosynthesis. However, only a
few studies directly focused on the relationship between
modifications in cell wall components and g, (Ellsworth
et al. 2018, Clemente-Moreno et al. 2019, Carriqui ef al.
2020, Roig-Oliver et al. 2020). Particularly, Ellsworth
et al. (2018) provided first evidence on how g, reductions
could be attributed to anatomical alterations due to cell
wall changes testing c¢sif6 rice mutants. Then, Clemente-
Moreno et al. (2019) specifically identified pectins and/
or the ratio of hemicelluloses to pectins as main drivers of
gn changes in Nicotiana sylvestris subjected to different
environmental conditions. The relationship between mo-
dified cell wall composition and g, changes could not
be exclusively attributed to pectins as Roig-Oliver et al.
(2020) showed that only cellulose correlated with g, in
Vitis vinifera cv. Grenache acclimated to contrasting
conditions. Nonetheless, at an interspecific level and under
nonstress conditions, the ratio of pectins to cellulose and
hemicelluloses determined gy, in conifers (Carriqui et al.
2020). Thus, it appears that the relationship between cell
wall main composition and g could be species-dependent
(Roig-Oliver et al. 2020) and could be attributed to specific
growing conditions.

Some studies have determined that cell wall composi-
tion differs among plants belonging to different phylo-
genetic groups (Popper and Fry 2004, Serensen et al. 2010,
Popperetal. 2011, Bartels and Classen2017). Additionally,
several studies have characterized cell wall composition
changes in different monocot and dicot species under
stressing conditions (see, for instance, Sweet ef al. 1990,
Vicré et al. 1999, 2004; Leucci et al. 2008, Moore et al.
2008, Solecka et al. 2008, Suwa et al. 2010, Carvalho et al.
2013, Baldwin ef al. 2014, Zheng et al. 2014, Clemente-
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Moreno et al. 2019, Roig-Oliver et al. 2020). However,
to our knowledge, no information is known regarding
stress-induced changes in cell wall properties in other
plant groups. Moreover, how these differences in cell wall
composition in response to stress could be linked to differed
strategies to regulate photosynthesis, leaf water relations
and anatomical adjustments remain to be elucidated. In
the current study, we compared the gymnosperm living
fossil Ginkgo biloba L. (Ginkgoaceae) and the herbaceous
angiosperm Helianthus annuus L. (Asteraceae) acclimated
to two different experimental conditions (well-watered,
i.e., control, and water deficit stress) to induce changes in
cell wall composition that could influence photosynthesis,
anatomical and/or leaf water relations responses.

Materials and methods

Plant material and growth conditions: One-year-old
G. biloba plants were acquired from a garden center in
horticultural alveolus. H. annuus seeds were individually
sewed in horticultural alveolus using a mixture of 3:1
substrate:perlite. All plants were placed in a growth
chamber at 22°C with 12/12-h light/darkness daily
fluctuation receiving PPDF of 200-300 pmol m™ s™. Water
irrigation was assessed every two days to ensure plant
growth. Three weeks later, when all plants had fully-
developed leaves, they were transplanted to 3-L pots
containing a mixture of 2:2 and 3:1 substrate:perlite for
G. biloba and H. annuus, respectively. At this moment, six
individual replicates per species were randomly subjected
to two treatments: control (i.e., well-watered) and water
deficit stress. Water-stressed plants were monitored every
two days to maintain pots field capacity at 50% by replacing
evapotranspired water and control plants were daily
irrigated to keep field capacity at 1 00%. To identify the onset
of new leaves during plants' acclimation to experimental
conditions, already emerged ones were labeled. In both
cases, treatments lasted 40 d. All measurements were
performed in new fully developed leaves developed under
control or water-stressed conditions.

Gas-exchange and fluorescence measurements: At the
end of the treatments, simultaneous measurements of gas
exchange and chlorophyll a fluorescence with an open
infrared gas-exchange system coupled with a 2-cm? fluo-
rescence chamber (Li-6400-40XT, Li-Cor Inc., Lincoln,
NE, USA) were performed in one leaf per plant in each
species and treatment. Measurements were performed at
saturating PPFD (1,500 pmol m™ s for H. annuus; 1,250
umol m™ s for G. biloba; 90/10% of red/blue light,
respectively, in both cases), 25°C block temperature, and
300 pmol min flow rate. All gas-exchange measurements
were corrected for CO, leakage in the leaf-gasket interface
(Flexas et al. 2007). Py, g, substomatal CO, concentration
(Cy), and photochemical yield of PSII (®esy) were recorded
after steady-state conditions were reached (15-30 min) at
ambient CO, concentration (C,) of 400 umol mol-!. Py—C;
response curves were then performed by changing C, in 14
steps (3—4 min), from 50 to 1,500 pmol(CO,) mol(air).
Light curves under nonphotorespiratory conditions (1%
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0,) were performed to determine light respiration (Rign)
and the PPFD fraction harvested by PSII (s) (Yinet al. 2009,
2011; Bellasio et al. 2016). From previous parameters, the
electron transport rate (ETR) was calculated as described
in Bellasio ef al. (2016). The CO»-compensation point
in the absence of respiration (I*) for G. biloba and
H. annuus were obtained from comparing Px—C; curves
under ambient (21%) and low O, (1%) conditions as
described in Bellasio et al. (2016). Finally, mesophyll
conductance (gn) was determined by the curve-fitting
method (Sharkey 2016) using Rig: as an input and the
Rubisco kinetics (K., K,) from tobacco (Bernacchi et al.
2002). The mean I™* value obtained for each species under
well-watered conditions was used for water-stressed plants
as in vivo methods are not reliable under stress (Galmés
et al. 2006).

Anatomical measurements: A portion of the leaves used
for gas-exchange measurements were cut in small pieces
avoiding main foliar structures to be fixed under vacuum
pressure using glutaraldehyde 4% and paraformaldehyde
2% prepared in 0.01 M phosphate buffer (pH 7.4). Samples
were post-fixed in 2% buffered osmium tetroxide for two
hours and dehydrated by a graded ethanol series. The
obtained pieces were embedded in LR White resin (London
Resin Company) and placed in an oven at 60°C for 48 h
(Tomas et al. 2013).

Semi-fine (0.8 um) and ultra-fine (90 nm) cross-sections
were cut using an ultramicrotome (Leica UC6, Vienna,
Austria). Semi-fine sections were dyed with 1% toluidine
blue to be viewed in a bright field with an Olvmpus BX60
optic microscope. Pictures at 200x magnifications were
taken with a digital camera (U-TVO.5XC, Olympus, Tokyo,
Japan) to determine the fraction of mesophyll intercellular
air spaces (fi). Ultra-fine sections for transmission
electron microscopy (TEM H600, Hitachi, Tokyo, Japan)
were confrasted with uranyl acetate and lead citrate to
obtain pictures at 1,500x and 30,000x magnifications. The
chloroplasts surface area exposed to intercellular air spaces
per leaf area (S./S) and the cell wall thickness (T.) were
measured from ultra-fine images at 1,500x and 30,000x
magnifications, respectively. A cell curvature correction
factor was determined according to Thain (1983) making
an average length/width ratio of five randomly selected
cells from both palisade and spongy mesophyll types for
SJ/S estimation. Final values for measured parameters
were obtained as an average of ten measurements from
randomly selected cell structures using the ImageJ
software (Wayne Rasband/NIH, Bethesda, MD, USA).

Cell wall extraction and fractionation: The same leaves
used for gas exchange and anatomy sampling were kept
under dark conditions overnight to minimize starch
content. The following morning, around 1 g of fresh leaf
tissue per plant was cut in small pieces and they were
placed in glass tubes containing absolute ethanol (1:10,
w/v). They were boiled until bleached and cleaned twice
with acetone > 95% obtaining the alcohol insoluble residue
(AIR), an approximation of the total isolated cell wall
content. After dried, samples were grounded and starch
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remains were removed with a-amylase digestion. Then,
three analytical replicates of each AIR weighting 3 mg
were taken to be hydrolyzed with 2 M trifluoroacetic acid
for an hour at 121°C. They were centrifuged at 13,000 x g
for the obtention of two phases: the supernatant (noncellu-
losic cell wall components) and the pellet (cellulosic cell
wall components). Whilst the supernatant was kept at
—20°C to quantify hemicelluloses and uronic acids (i.e.,
pectins), the pellet was cleaned twice with distilled water
and acetone > 95%. Once dried, pellets were hydrolyzed
in 200 pl sulphuric acid 72% (w/v) for an hour, diluted
to 6 ml with distilled water, and heated until degradation.
Once cooled, the obtained aqueous samples were used
for cellulose quantification. Cellulose and hemicellulose
quantifications were determined following Dubois et al.
(1956). Thus, samples absorbance was read at 490 nm and
both sugars concentrations were estimated by interpolating
sample values fromaglucosecalibration curve. Finally, pec-
tin quantification was performed following Blumenkrantz
and Asboe-Hansen (1973). Hence, samples absorbance
was read at 520 nm and pectin content was calculated
by interpolating sample values from a galacturonic acid
calibration curve. In all cases, a Multiskan Sky Microplate
spectrophotometer (7hermoFisher Scientific) was used.

Pressure-volume curves: A fully developed leaf neigh-
boring the one used for the gas exchange was rehydrated
with distilled water and kept under dark conditions
overnight. The next morning, leaf water potential and
mass were measured simultaneously to obtain pressure—
volume (P-¥) curves of, at least, ten points. Leaf water
potential was determined using a pressure chamber (Model
600D, PMS Instrument Company, Albany, USA). From
P—V curves analysis, leaf water potential at turgor loss
point (W), osmotic potential at full turgor (m.), relative
water content at turgor loss point (RWCy,), apoplastic
water fraction (as), and leaf area specific capacitance at
full turgor (C*s) were obtained (Sack and Pasquet-Kok
2011). The bulk modulus of elasticity (¢) was determined
using standardized major axes (SMA; Sack et al. 2003).

Leaf structure: The same leaves used for P-V curves
were utilized to calculate the leaf mass area (LMA),
the leaf density (LD), and the leaf area (LA) (Pérez-
Harguindeguy et al. 2013). Leaves were rehydrated
ovemight and pictures of the LA including the petiole
were analyzed with the inageJ software (Wayne Rasband/
NIH). Then, leaves were placed in an oven at 70°C for
72 h to obtain their dry mass. Leaf thickness was determined
from six measurements per leaf avoiding main veins with
a digital caliper. Thickness per area was used as a proxy to
calculate LD.

Statistical analysis: Thompson test was performed to
detect and eliminate outliers for all studied parameters.
Two-way analysis of variance (4NOVA) and subsequent
LSD test was assessed to determine significant (P<0.05)
‘species’ and ‘treatments’ effects and differences between
groups, respectively. All analyses were performed using
the R statistical software (ver. 3.2.2, R Core Team, Vienna,
Austria).
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Results

Physiological characterization: Under control conditions,
H. annuus achieved the highest Py and g [26.30 + 2.27
umol(CO,) m™ s! and 0.40 + 0.06 mol(CO,) m™ s,
respectively], which were largely reduced under water
deficit stress (Fig. 14,B). Contrarily, G. biloba showed
much lower assimilation under control conditions [7.91 +
0.43 pmol(CO,) m™ s7!], but neither Py nor g; experienced
significant changes due to water deficit stress (Fig. 14,B).
Only H. annuus experienced an increase in WUE; under
water deficit stress conditions (Fig. 1C). Additionally,
water-stressed H. annuus also showed reductions of
both g (Fig. 1D) and ETR, the latter being also slightly
reduced in G. biloba (Fig. 1E). Finally, Ry only revealed
differences at P=0.053 for the ‘treatments’ effect as it
slightly decreased under water deficit stress (Fig. 1 F).

Leaf water relations: No treatment effect was detected
for both Wy, and m, (P=0.337 and 0.139, respectively)
(Fig. 24,C). Although RWCy, was maintained in G. biloba,
it increased in water-stressed H. annuus in comparison
to control (Fig. 2B). However, water-stressed G. biloba
leaves were almost three-folds more rigid than control
ones (61.17 £ 14.32 and 21.15 £ 2.36 MPa, respectively;
Fig. 2D). Water deficit stress increased a: and C*z in
H. annuus [0.55 + 0.03 and 1.96 + 0.25 mol(H,O) m™
MPa™, respectively], but no changes were detected in
G. biloba (Fig. 2E.F).

Leaf structural and anatomical traits: Under water defi-
cit stress conditions, H. annuus and G. biloba experienced
an increase in both LMA and LD, being more marked in
the latter species as they doubled control values (Table 1).
An opposite pattern was found for LA, which decreased
significantlyunderwater deficit stress conditions, especially
in G. biloba (Table 1). However, water deprivation did not
significantly change anatomical parameters (i.e., fis, So/S,
and T.) in none of the two species (Table 1), which were
evaluated from similar pictures to those from Fig. 3.

Leaf cell wall composition: Water deficit stress induced
different changes in cell wall composition in the two
species. G. biloba significantly increased hemicelluloses
while slightly decreasing cellulose, with no changes in
the total AIR and pectins (Table 2). Instead, H. annuus
significantly enhanced the total AIR with also increased
amounts of cellulose, hemicelluloses, and pectins in a
similar proportion (Table 2).

Discussion

A classic response to water deficit stress involves a
reduction of Py associated to decreased leaf overall CO,
diffusion (i.e., g and gn) (Chaves et al. 2002, 2008;
Flexas ef al. 2004, 2012; Nadal and Flexas 2019), which
promotes enhanced WUE; due to larger descents in g, than
in gn (Flexas ef al. 2013). In the current study, this pattern
was only observed in water-stressed H. annuus plants as
Py, g, and g, did not significantly decrease in G. biloba
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4 1 | (ETR), and (F) light respiration
= i i o (Rigw) in Ginkgo biloba and Heli-
s ” E s F anthus annuus across conditions (CL
S5 ST i i ST = - cogtrol, WS — water deficit stress).
e _L i a 06 '?‘E Species (S) and_ treatments (T)
e 150 b & ; il 3 effects were quaptlﬁed by two-way
° ( I 04 O ANOVA and differences between
E 100 1 E groups were addressed by LSD test.
& ¢ ! = ]_?lﬁ”grentsupersa'tpt Iett?rs_indicate
W D d ! 2 02 % significant differences. Significance:
| e **P<0.001; ** <0.01; * <0.05; ° <0.1;
. L L | I L | . d = >0.1. Values are means = SE
G. biloba H. annuus G. biloba H. annuus (n=5-6).

1101

89



Chapter 3

M. ROIG-OLIVER ef al.

S'ﬁ'"
o
S
05
g g
= 10 &
* 5 2
15 d
20 o
-
s
05
_ Fig. 2. (4) Water potential at turgor
c S loss point (W), (B) relative water
§; 0 B = content at turgor loss point (RWCyy),
= T “ (C) osmotic potential at full turgor
15 ¢ (), (D) bulk modulus of elasticity
(€), (E) apoplastic water fraction
20 ! (as), and (F) leaf area specific
g ST s capacitance at full turgor (C*z)
- 5 ST ST 25 g in Ginkgo biloba and Helianthus
a a % annuus across conditions (CL —
5E b 20 N control, WS — water deficit stress).
L - = Species (S) and treatments (T)
& b b 12 % effects were quantified by two-way
jo: B ANOVA and differences between
53 c o % groups were addressed by LSD test.
g c 05 & Significance: “‘P<0.001; ** <0.01;
ol L] H Ij i in ‘ 1 7 0 © <0.05; ° <0.1; ® >0.1. Values are

G. biloba H. annuus G. biloba

H. annuus means = SE (n = 5-6).

Table 1. Leaf structural and anatomical traits of Ginkgo biloba and Helianthus annuus across conditions (CL — control, WS — water
deficit stress). Average values = SE are shown for leaf mass area (LMA), leaf density (LD), leaf area (LA), fraction of mesophyll
intercellular air spaces (fi.), chloroplasts surface area exposed to intercellular air spaces per leaf area (S./S) and cell wall thickness
(T.). Species and treatments effects were quantified by two-way .4NOVA and differences between groups were addressed by LSD test.

Different superscript letters indicate significant differences. n = 5-6.

Species and treatments ~ LMA [g m™] LD [gcm™) LA [em’] Joas [%] SJ/S [m?> m] T [um]

G. biloba— CL 4142 +1.22% 0.15=0.00¢ 85.36 £ 8.34% 30.87 £3.95° 9.73 +1.28° 0.39+0.01*
G. biloba —WS 89.52+£5.16* 0.31£0.02* 21.50 £9.61¢ 25.13+1.83% 10.92 = 1.13° 0.42+0.03*
H. annuus — CL 32.04=0.71¢ 0.16 = 0.00¢ 40.79 = 6.03° 45.50 £ 2.39* 17.24 £ 1.48* 0.18=0.01°
H. annuus — WS 48.18 = 1.02° 0.22 = 0.00° 21.37 £0.49¢ 4031 £0.58* 18.74 £ 1.59* 0.16=0.01°
Species <0.001 0.010 0.016 <0.001 < 0.001 <0.001
Treatments <0.001 < 0.001 <0.001 0.058 0.347 0.708
Species: Treatments <0.001 < 0.001 <0.001 0.921 0.914 0.177

(Fig. 14-D). Despite opposite patterns for photosynthesis
regulation under water deficit stress, both species modified
their foliage structure (i.e., increased LMA and LD, see
Table 1) as previously reported by Niinemets et al. (2009).
Additionally, water deficit stress strongly limited leaf
development in both species as LA decreased significantly
(Table 1), which has been described as a typical response
to water deficit stress (Chaves et al. 2002). However,
although Chartzoulakis et al. (2002) and Hafez et al.
(2020) reported modifications in leaf, mesophyll, and
epidermis thicknesses as well as in f, testing avocado
and barley, respectively, under water deprivation, Tomas
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et al. (2014) did not detect strong subcellular anatomical
alterations in water-stressed grapevine cultivars. In fact,
in the present study neither T.. nor other subcellular
anatomical traits classically affecting g, were modified
under water deficit stress (Table 1), suggesting that
decreased g, in water-stressed H. annuus might be due to
other nonstudied characteristics (e.g., aquaporins and/or
carbonic anhydrases, see Pérez-Martin et al. 2014).
Poorter et al. (2009) proposed that LD could reflect, to
some extent, the cell wall content per leaf. Nonetheless,
AIR variations only followed the same pattern as LD in
H. annuus, as the slight increase detected in G. biloba
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was not significant (Table 2). AIR enhancement due to
water deficit stress was previously detected in N. sylvestris
(Clemente-Moreno et al. 2019) and ¥ vinifera (Roig-
Oliver et al. 2020). Concerning specific cell wall main
composition, it has been reported that variations in
cellulose content may depend, for instance, on species,
specific plant tissues, plants' age, and/or level of water
deficit (Sweet et al. 1990, Zheng et al. 2014, Clemente-
Moreno et al. 2019, Roig-Oliver et al. 2020). Thus,

Fig. 3. Representative micrographs from semi-fine (/eff) and
ultra-fine (right) cross-sections taken at 200x and at 1,500x
magnifications, respectively, for Ginkgo biloba (4,B) and
Helianthus annuus (C,D) under control and water deficit stress
conditions, respectively. Black scale bars = 100 pm. Detailed
quantitative analyses of studied anatomical parameters are
reported in Table 1.

CELL WALL COMPOSITION UNDER WATER DEFICIT STRESS

cellulose increased in H. annuus as previously shown for
other species (Sweet et al. 1990, Clemente-Moreno et al.
2019, Roig-Oliver et al. 2020), but slightly decreased in
G. biloba (Table 2). However, hemicelluloses have been
found to either increase (Vicré et al. 1999), decrease
(Sweet et al. 1990, Roig-Oliver et al. 2020), or stay
constant (Clemente-Moreno et al. 2019) after exposure to
water deficit stress. In our study, both species, especially
G. biloba, presented increased amounts of hemicelluloses
under water deficit stress (Table 2). Finally, pectins usually
increase during water deficit because they play a key role
in adjusting cell wall flexibility, thus, controlling cell wall
hydric status (Sweet et al. 1990, Vicré et al. 1999, 2004;
Cosgrove 2005, Leucci et al. 2008, Moore et al. 2008,
2013; Le Gall et al. 2015, Tenhaken 2015, Houston et al.
2016, Clemente-Moreno et al. 2019, Rui and Dinnery
2019, Roig-Oliver et al. 2020). However, in our study
pectins were only enhanced in water-stressed H. annuus
in a similar proportion to cellulose and hemicelluloses
(Table 2). Additionally, the potential importance of pectins
in determining € adjustments has already been proposed
(Moore et al. 2008, Solecka et al. 2008, Niinemets 2016)
and Roig-Oliver et al. (2020) provided empirical evidence
for this in grapevines. Surprisingly, H. annuus maintained
€ under water deficit stress, while G. biloba — having kept
pectins constant — drastically enhanced leaves rigidity
once subjected to water deficit stress (Fig. 2D) as usually
reported for other species (Bowman and Roberts 1985,
Lo Gullo and Salleo 1988, Abrams 1990, Kloeppel et al.
1994). Although more experimental conditions should be
tested to set concluding statements, our results suggest that
€ adjustments in water-stressed G. biloba could be much
more related to changes in leaf structure (i.e., decreased LA
and enhanced LM A and LD) and hemicelluloses rather than
to other cell wall components. However, while increased
€ and LD have been proposed to involve reductions in
&n (Niinemets et al. 2009, Nadal et al. 2018), G. biloba
was able to maintain g, at control values under water
deficit stress conditions. Oppositely, H. annuus differed
from the previous strategy as leaf structure and cell wall
composition changes were not reflected in € modifications.
Instead, increased AIR, cellulose, hemicelluloses, and
pectins under water deficit stress were reflected as an
increase in as and C*s (Fig. 2E, F).

Table 2. Leaf cell wall composition of Ginkgo biloba and Helianthus annuus across conditions (CL — control, WS — water deficit
stress). Average values = SE are shown for alcohol insoluble residue (AIR), cellulose, hemicelluloses, and pectins contents. Species
and treatments effects were quantified by two-way 4ANOVA and differences between groups were addressed by LSD test. Different

superscript letters indicate significant differences. n = 5-6.

Species and treatments

AIR [g g (DM)] Cellulose [mg g(AIR)]

Hemicelluloses [mg g*(AIR)] Pectins [mg g'(AIR)]

G. biloba - CL 0.16 £0.03* 125.2+12.9*
G. biloba— WS 0.19 £0.01* 100.2 = 11.6®
H. annuus — CL 0.09 = 0.01° 86.6 = 8.8°
H. annuus — WS 0.15 =0.01* 1287+ 522
Species <0.001 0.622
Treatments 0.012 0.406
Species:Treatments 0.351 0.003

176.5 = 18.3° 71.27 £ 6.52°
261.4=30.6° 79.60 = 4.16°

79.7.+£12.5° 73.09 = 12.09°
1562 +9.8° 103.68 £ 3.45*
<0.001 0.051

0.001 0.013

0.847 0.133
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To our knowledge, this study provides the first evidence
on how changes in cell wall main composition may play
a role in determining different strategies to face water
deficit stress by adjustments in € and/or g, testing species
from different phylogenetic groups. Contrary to Clemente-
Moreno et al. (2019) and Roig-Oliver et al. (2020), in
the two species studied here, water deficit stress induced
changes in cell wall composition that did not affect g, and
photosynthesis, but differently modified water relations
parameters. Thus, more detailed studies using a larger
range of species and treatments are required for a better
understanding of how cell wall composition — including
other cell wall compounds such as lignins and cell wall-
bound phenolics — can involve changes in leaf physiology
and to what extent these responses are species-dependent
and/or change across plants phylogeny.
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ARTICLE INFO ABSTRACT

Environmental conditions determine plants performance as they shape — among other key factors - leaf features
and physiology. However, little is known regarding to the changes occurring in leaf cell wall composition during
the acclimation to an environmental stress and, specially, if these changes have an impact on other leaf phy-
siology aspects. In order to induce changes in photosynthesis, leaf water relations and cell wall main components
(i.e., cellulose, hemicelluloses and pectins) and see how they co-vary, Vitis vinifera cv. Grenache was tested under
four different conditions: (i) non-stress conditions (i.e., control, with high summer temperature and irradiance),
(ii) growth chamber conditions, (iii) growth chamber under water stress and (iv) cold growth chamber. Plants
developed in growth chambers decreased net CO, assimilation (Ay) and mesophyll conductance (gn) compared
to control. Although cold did not change the bulk modulus of elasticity (), it decreased in growth chamber
conditions and water stress. Control treatment showed the highest values for photosynthetic parameters and ¢ as
well as for leaf structural traits such as leaf mass area (LMA) and leaf density (LD). Whereas cellulose content
correlated with photosynthetic parameters, particularly Ay and g, pectins and the amount of alcohol insoluble
residue (AIR) - an approximation of the isolated cell wall fraction — correlated with leaf water parameters,
specifically, e. Although preliminary, our results suggest that cell wall modifications due to environmental ac-
climations can play a significant role in leaf physiology by affecting distinctly photosynthesis and water relations
in a manner that might depend on environmental conditions.

Keywords:

Cell wall composition

Bulk modulus of elasticity
Light-saturated CO> assimilation
Mesophyll conductance

Vitis vinifera cv. Grenache

1. Introduction

Photosynthesis is a complex phenomenon that encompasses diffu-
sional and biochemical processes (Flexas et al., 2004; von Caemmerer
etal., 2009v). Besides stomatal conductance (g,) and biochemistry, the
mesophyll conductance (g,) is a key determinant establishing photo-
synthesis capacity amongst species and in response to different en-
vironmental conditions (Warren et al., 2004; Flexas et al., 2008, 2012;
Nadal and Flexas, 2019). Mesophyll conductance represents the overall
conductance of the pathway that CO, has to follow to reach its

carboxylation sites in the chloroplast stroma from the substomatal
cavity (Evans et al., 2009). Briefly, CO; has to diffuse from leaf meso-
phyll intercellular air spaces, entering into the liquid phase at the cell
wall to then cross the lipidic plasma membrane, aqueous cytosol,
chloroplast lipidic double membrane, until reaching Rubisco in the
aqueous phase at chloroplast stroma. Along these steps, anatomical
parameters such as the chloroplast distribution and the cell wall
thickness have been identified as the most important limitations to CO,
diffusion through the mesophyll (Terashima et al., 2001; Evans et al.,
2009; Flexas et al., 2012; Tomds et al., 2013; Carriqui et al., 2015;

Abbreviations: Ay, light-saturated CO, assimilation; g;, stomatal conductance; WUE;, intrinsic water use efficiency; gn, mesophyll conductance; ETR, electron
transport rate; Riigny, light respiration; Wy, water potential at turgor loss point; RWCyp, relative water content at turgor loss point; 7., osmotic potential at full turgor;
¢, bulk modulus of elasticity; ar, apoplastic water fraction; C*s, leaf area specific capacitance at full turgor; LMA, leaf mass area; LD, leaf density; AIR, alcohol

insoluble residue; UA, uronic acids

* Corresponding author at: Universitat de les Illes Balears (UIB), Carretera de Valldemossa, km 7.5, 07122 Palma de Mallorca, Illes Balears, Spain.
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Tosens et al., 2016; Onoda et al., 2017; Peguero-Pina et al., 2017).

Because CO, and water share a significant fraction of this pathway
in leaves and, particularly, the cell wall is thought to play a major role
in leaf water relations (e.g., by determining the leaf bulk modulus of
elasticity (e; Tyree and Jarvis, 1982), it has been speculated that g,
should somehow coordinate with leaf hydraulics and water relations
(Ferrio et al., 2012; Flexas et al., 2012, 2013; Pou et al., 2012). Re-
cently, Nadal et al. (2018) experimentally reported the existence of a
trade-off between g, and A, with e in stress absence establishing a
potential link between photosynthesis and leaf water relations proper-
ties. However, although e varies widely across species (Bartlett et al.,
2012; Nadal et al., 2018), its mechanical basis, intraspecific dynamics
and/or acclimation to environmental conditions are not fully under-
stood. Leaf structure has been proposed as its main driver as some
studies found interspecific relationships between ¢ and both leaf mass
area (LMA) and leaf density (LD) (Niinemets, 2001; Sack et al., 2003).
Indeed, evergreen and sclerophyllous species, with high structural in-
vestments, usually present robust and rigid leaves with high & (Salleo
and Lo Gullo, 1990; Bartlett et al., 2012) possibly due to a large biomass
investment in epidermis, cuticle and palisade tissue as well as in cell
walls (Onoda et al., 2015; Alvarez-Arenas et al., 2018). Although it has
been reported that elastic adjustments during water stress are usually
mild to none (Bartlett et al., 2012) or species-dependent (Lo Gullo and
Salleo, 1988), cold acclimation does often impose strong elastic ad-
justments. For instance, under winter conditions, ¢ increased in ever-
green shrubs to prevent leaf injury from ice formation at freezing
temperatures (Scholz et al., 2012; Zhang et al., 2016) and promoted
freezing avoidance by enhancing super-cooling (Arias et al., 2015).
Although the structural and/or biochemical changes driving elastic
adjustments under cold stress are still largely unknown, cell wall
composition has been suggested to play a key role in this issue
(Niinemets, 2016). Hence, the relationship between ¢ and g,, suggests a
common mechanistic basis that may involve cell wall characteristics
(Nadal et al., 2018).

The cell wall has been suggested as a main structure determining e
and its adjustments in response to environmental changes (Moore et al.,
2008; Solecka et al., 2008; Baldwin et al., 2014; Le Gall et al., 2015).
Additionally, also g, has been recently suggested to be modulated
through modifications in the quantity and organisation of cell wall
components (Ellsworth et al, 2018; Clemente-Moreno et al., 2019;
Gago et al.,, 2019). The cell wall can be considered as a protective
barrier mostly composed by cellulose microfibrils and non-cellulosic
neutral polysaccharides (hereafter hemicelluloses) embedded in a
pectin matrix containing cross-linked structural proteins (Cosgrove,
2005). By chemical and physical reorganisation of its components, the
cell wall determines the shape and the size of the cells according to
environmental conditions, which leads to different states of tissue and
organ differentiation (Leucci et al., 2008; Moore et al., 2008; Solecka
et al., 2008; Carvalho et al., 2013; Baldwin et al., 2014; Le Gall et al.,
2015). Some studies testing different species have determined that cold
(Solecka et al., 2008; Carvalho et al., 2013; Baldwin et al., 2014), water
deprivation (Leucci et al., 2008; Moore et al., 2008, 2013; Clemente-
Moreno et al., 2019) and heat and high sunlight irradiance (Suwa et al.,
2010; Lima et al., 2013) alter sugars and pectin metabolism leading to
modifications in cell wall components concentration, even in already
fully-developed leaves.

Although Ellsworth et al. (2018) and Clemente-Moreno et al. (2019)
have recently suggested the potential importance of cell wall compo-
sition in modulating g, and thus photosynthesis, there is still scarce
empirical evidence on this aspect. Thus, the main hypothesis of the
present study is that cell wall modifications due to acclimation to dif-
ferent environmental conditions could be related to the regulation of
photosynthetic and leaf water relations parameters, being g, and ¢ key
linking traits. Hence, we tested the woody Vitis vinifera cv. Grenache
acclimated under different growing conditions in order to explore
possible relationships between modifications in cell wall components
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and photosynthesis and leaf water relations.
2. Material and methods
2.1. Plant material and growth conditions

Twenty-four canes of V. vinifera cv. Grenache measuring ~ 30 cm
were collected from mature vines of the experimental vineyard at the
Universitat de les Illes Balears (Mallorca, Illes Balears). They contained,
at least, two vegetative buds and a reproductive one. To ensure rooting,
canes were disinfected with 2.5 g 1" antifungal solution for 10 min and
placed in 2g I"! indole butyric acid (IBA)/ethanol 50 % solution for
20s. Canes were sewed individually in horticultural alveolus using a
mixture of 3:1 substratum:perlite and they were set in a rooting
chamber at 21 °C and 70 % humidity. Four months later, when each
plant had more than 10 developed leaves, they were transplanted to 31
pots containing the same mixture. These leaves were labelled to identify
the onset of new ones during plants acclimation to different conditions.

Six individual replicates per treatment were subjected to four dif-
ferent growing conditions. Control treatment (i) consisted in letting the
plants under summer outside conditions, receiving high temperatures
and irradiance of typical Mediterranean summer. Specifically, the
treatment was established during August 2018, when environmental
conditions were characterized by mean maximum irradiance of
1535 umolm ™2 s PPFD, mean temperature of 26.4 °C (20/33 °C min/
max) and mean air relative humidity of 68.5 %. Two other treatments
were evaluated in a growth chamber at 22 °C and 12/12 h light/dark-
ness daily fluctuation: (ii) growth chamber conditions and (iii) water
stress conditions. For cold treatment (iv), plants were placed in a
growth chamber at 13°C and 12/12 h light/darkness daily fluctuation.
The plants belonging to these three treatments received an irradiance of
200-300 umolm ™~ ?s~ ' PPFD. While water-stressed plants were mon-
itored every two days to maintain pots at 50 % field capacity by re-
placing evapo-transpired water, plants belonging to other treatments
were kept under well-watered conditions by daily irrigation at field
capacity. In all cases, treatments lasted one month.

2.2. Gas exchange and fluorescence measurements

One month after establishing each treatment, simultaneous mea-
surements of gas exchange and chlorophyll a fluorescence using an
infrared gas analyser (IRGA) LI-6400XTR coupled with the fluorometer
(Li-6400-40; Li-Cor Inc., Lincoln, NE, USA) were performed. For all
measurements, new fully-expanded leaves unfolded after treatments
imposition were used, except for the water-stressed as no new leaves
emerged. In this case, the youngest fully-expanded leaf was used. Cold
plants were moved to growth chamber at 22°C when measured. Leaves
were clamped into a 2 em? cuvette. In all cases, leaf temperature was
fixed at 25 °C and the vapour pressure deficit (VPD) was kept at around
1.5kPa. Leaf steady-state conditions were induced at saturating pho-
tosynthetic photon flux density (PPFD 1250pumolm™2s™ ', 90-10 %
red-blue light) and 400 umol CO, mol™ air. The flow rate within the
chamber was kept at 300 mmol air min™. After 30 min, when steady-
state conditions were reached, light-saturated CO, assimilation (Ay),
stomatal conductance to CO, (g,), CO, concentration at the sub-sto-
matal cavity (C;) and photochemical yield of photosystem II (®psy)
were recorded. The electron transport rate (ETR) was estimated by
performing light curves under non-photorespiratory conditions pro-
vided by an atmosphere containing 1 % O, (Yin et al., 2009; Martins
et al,, 2013). The light respiration (Ry;y,,) was measured after leaving
plants under darkness conditions for at least 20min. Values for CO»
compensation point in the absence of respiration (/™) were obtained
from Ay-C; curves under non-photorespiratory conditions as described
in Bellasio et al. (2016) for each treatment with the exception of water
stress due to uncertainties of /™* estimation at low g (Galmés et al.,
2006). Instead, a I™* in common with control plants was used. From all
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previous parameters, mesophyll conductance to CO; (g) was estimated
using the variable J method (Harley et al., 1992).

2.3. Pressure — volume curves

For all plants, a fully developed leaf neighbouring the one measured
for gas exchange was cut, rehydrated in distilled water and kept under
darkness conditions overnight for being measured the following day
using the bench-dry method (Sack and Pasquet-Kok, 2011). Leaf water
potential was measured with a pressure chamber (Model 600D; PMS
Instrument Company, Albany, USA). Leaves were measured until ob-
taining pressure-volume curves of at least 10 points. From P-V curves,
values for water potential at turgor loss point (Wy,), relative water
content at turgor loss point (RWC,,), osmotic potential at full turgor
(it,), apoplastic water fraction (a;) and leaf area-specific capacitance at
full turgor (C*) were obtained following Sack and Pasquet-Kok (2011).
¢ was calculated from total relative water content over the full range
above RWCy,, as described in Melkonian et al. (1982). The apoplastic
water fraction (a;) was calculated as the x-intercept of the -1/W vs.
RWC,, relationship.

2.4. Leaf structure

The same leaves used for P-V curves were used to calculate the leaf
mass area (LMA) and the leaf density (LD) following Pérez-
Harguindeguy et al. (2013). Leaf area (LA) was obtained after overnight
rehydration. Pictures for leaf area (including the petiole) were analysed
using ImageJ (Wayne Rasband/NIH). Then, leaves were placed in an
oven at 70 °C for 72 h to obtain the dry weight. Leaf thickness was as-
sessed from 6 measurements per leaf (avoiding main veins) with a di-
gital caliper. Thickness per area was used as a proxy for LD.

2.5. Cell wall extraction and fractionation

To minimize leaf starch content, cell wall sampling was performed
early in the morning in the same leaves used for gas-exchange. Thus, 1 g
of fresh leaf tissue was cut in small pieces (1 em?, approximately) and
placed in glass tubes containing absolute ethanol in a ratio 1:10 (w/v).
Samples were boiled and ethanol-cleaned until bleached. They were
cleaned twice with acetone > 95 % obtaining the alcohol insoluble
residue (AIR), which represents an approximation of the total amount
of isolated cell wall. They were grinded and a lugol determination was
performed to evaluate starch presence. If positive, an a-amylase di-
gestion was done to eliminate its residues. Once no starch remains were
detected, 3 mg AIR belonging to each sample were taken per triplicate.
They were hydrolysed with 2 M trifluoroacetic acid, heated at 121 °C
for an hour and centrifuged at 13,000g for 10 min obtaining two
phases. The supernatant (non-cellulosic cell wall components) was di-
rectly kept at —20°C for soluble sugars (hemicelluloses) and uronic
acids (pectins) quantification and the pellet (cellulosic cell wall com-
ponents) was cleaned twice with distilled water and acetone > 95 %.
Once dried at room temperature, it was hydrolysed in 200 pl sulphuric
acid 72 % (w/v) for an hour, diluted to 6 ml with distilled water and
heated at 121 °C until pellet total degradation. Once cooled, the ob-
tained aqueous samples were used for cellulose quantification.

1111, 1111,

2.6. Total sugars determination: c and hemic

The phenol sulphuric acid method (Dubois et al., 1956) was used to
determine sugars concentration. For cellulose, 0.4 ml phenol 5 % (w/v)
and 2ml sulphuric acid 98 % were added to 0.4ml cellulose aqueous
samples. For hemicelluloses, same reagents volume plus 0.35ml dis-
tilled water were added to 50 pl aqueous samples. Mixtures were vor-
texed vigorously and cooled at room temperature before reading their
absorbance at 490 nm using a Multiskan Sky Microplate Spectro-
photometer  (ThermoFisher  Scientific). ~Both  cellulose and
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hemicelluloses concentrations were obtained interpolating samples
absorbance from a glucose calibration line.

2.7. Uronic acids determination

2.4 ml sodium tetraborate 75 mM prepared in concentrated H,SO,
were added to 0.2ml of the same aqueous sample used for hemi-
celluloses determination. Mixtures were vortexed, boiled for 5 min and
immediately cooled in a water-ice bath. Then 40ul of 2-
Hydroxybiphenyl 0.15 % prepared in sodium hydroxide 0.5M were
added. Samples were vortexed and absorbance was read at 520 nm
using a Multiskan Sky Microplate Spectrophotometer (ThermoFisher
Scientific). Uronic acids concentration was obtained interpolating
samples values from a galacturonic acid calibration curve
(Blumenkrantz and Asboe-Hansen, 1973).

2.8. Statistical analysis

Thompson test was performed to detect and eliminate outliers for all
analysed parameters. Afterwards, one-way ANOVA and subsequent LSD
test were performed to detect statistically significant differences for
studied parameters among treatments (P < 0.05). Pearson’s correlation
matrices were performed to find correlations between all parameters,
being significant when P < 0.05 and highly significant when P < 0.01.
Finally, linear regressions between cell wall components and photo-
synthesis/water relations parameters were fitted using mean values per
treatment. All analyses were performed using R software (ver. 3.2.2; R
Core Team, Vienna, Austria).

3. Results
3.1. Physiological characterization

The highest Ay was obtained in control conditions
(9.61 + 0.76umol CO, m~? s'), followed by cold and growth
chamber conditions (Fig. 1A). However, Ay was strongly reduced by
water stress (Fig. 1A), being accompanied by decreasing in g and g,
(Figs. 1B and 1D, respectively). Nevertheless, statistical differences
were not found regarding the WUE, between treatments (Fig. 1C).
Control presented the highest g, and ETR values (Figs. 1D and E, re-
spectively). The light respiration did not differ statistically between
treatments (Fig. 1F).

3.2. Leaf water relations

Leaf water relations showed two major responses across treatments.
Control and cold treatments presented the highest values for both W,
(Fig. 2A) and RWCy, (Fig. 2B) compared to growth chamber conditions
and water stress through similar osmotic and elastic adjustments
(Figs. 2C and D). & was lower in water stress and growth chamber plants
(11.2 + 0.6 and 10.8 + 1.0 MPa, respectively) and increased almost
two-fold under control and cold conditions (Fig. 1D). Control and cold
treatments achieved higher values for a; (Fig. 2E), but growth chamber
and water-stressed plants presented higher C*; (Fig. 2F).

3.3. Leaf structure

Control had a LMA almost two times higher than cold treatment
(Fig. 3A). Cold plants LMA was also lower than under water stress and
growth chamber conditions (Fig. 3A). For LD, growth chamber, cold
and water stress treatments were statistically equal, but differed from
the highest value for control (Fig. 3B).
3.4. Leaf cell wall composition

The highest proportion of AIR was obtained in water stress
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Fig. 1. (A) Light-saturated CO, assimilation, (B) stomatal conductance, (C) intrinsic water use efficiency, (D) mesophyll conductance from variable J, (E) electron
transport rate and (F) light respiration in V. vinifera cv. Grenache across all conditions (“CL”": control, “GCC”: growth chamber conditions, “GCC-WS™: growth
chamber conditions under water stress, “GCC-Cold”: growth chamber conditions under cold). P-values from One-Way ANOVA are shown. Different letters indicate

differences among treatments. n = 5-6 (means + SE).

treatment (0.30 + 0.04g g~' dry weight) and the lowest in growth
chamber and cold (0.19 + 0.01 and 0.17 + 0.01g g~ dry weight,
respectively) (Table 1). Regarding to cellulose, water stress and growth
chamber conditions presented the highest amounts (169.74 + 12.17
and 141.99 * 10.97mg g~ ' AIR, respectively), whilst the lowest
quantity was found in control (Table 1). Oppositely, control presented
the highest proportion of hemicelluloses (393.81 + 8.69mg g ' AIR),
achieving water stress and cold treatments the lowest (Table 1). For
pectins, water stress and growth chamber were statistically equal and
contained higher concentrations than control and cold (Table 1).

3.5. Relationships among parameters

Significant negative correlations were detected between cellulose
and Ay (R* = 0.87, P = 0.046, Fig. 4A) and g, (R* = 0.95, P = 0.015,
Fig. 4B). ¢ also correlated negatively with total AIR (R* = 0.84, P =
0.053, Fig. 4C) and, particularly, with pectins content (R* = 0.95, P =
0.017, Fig. 4D). Additionally, other significant relationships were ob-
served, such as that between cellulose and ETR or between pectin
content and Wy, (Table S1).

100

4. Discussion

Environmental conditions are crucial for plants development and
growth, as they regulate leaf features and, thus, physiology (Flexas
et al.,, 2007; Chaves et al., 2008; Poorter et al., 2009; Bartlett et al.,
2012; Tosens et al., 2012; Nadal and Flexas, 2019). Although the few
datapoints used here do not allow us to draw conclusive statements, this
study provides one of the first evidences of the potential relationships
between photosynthesis (particularly, Ay and g») and leaf water rela-
tions (specifically, €) with cell wall composition properties.

In our study, control plants achieved higher Ay, g, &= and ETR, but
also higher LMA and LD, as well as increased ¢ compared to other
treatments (Figs. 1-3) due to higher irradiance and temperature during
their growth. In fact, plants developed under high irradiance usually
show a significant LMA enhancement (Poorter et al., 2009) because of
greater thickness and palisade mesophyll investment (Niinemets and
Sack, 2006; Tosens et al., 2012), which may in turn lead to an increased
¢ (Niinemets, 2001; Alvarez-Arenas et al., 2018). Nonetheless, control
treatment achieved lower photosynthesis than in Flexas et al. (1998)
testing the same species during Mediterranean summer conditions
probably because our plants were younger and they were grown in pots
which could limit their development, obtaining lower photosynthesis as
in Moreno et al. (2010).
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Fig. 2. (A) Water potential at turgor loss point, (B) relative water content at turgor loss point, (C) osmotic potential at full turgor, (D) bulk modulus of elasticity, (E)
apoplastic water fraction and (F) leaf area specific capacitance at full turgor in V. vinifera cv. Grenache across all conditions (“CL™ control, “GCC”: growth chamber
conditions, “GCC-WS”: growth chamber conditions under water stress, “GCC-Cold”: growth chamber conditions under cold). P-values from One-Way ANOVA are
shown. Different letters indicate differences among treatments. n = 5-6 (means * SE).

Water-stressed plants limited photosynthesis due to reduced overall
CO, diffusion (i.e., decreased g and g.) as often observed under water
stress conditions (Flexas et al., 2004; Nadal and Flexas, 2019). The
same happened for plants under growth chamber conditions, which
decreased Ay because of lower g,. Concomitantly, although Bartlett
et al. (2012) reported that elastic adjustments are usually mild to none
under water stress, changes in leaf water relations were detected, being

opposite to the ones reported by Lo Gullo and Salleo (1988), who ob-
served an increase of leaf rigidity in mature Ceratonia siliqua L. and
Laurus nobilis L. leaves exposed to water stress. These changes followed
the same pattern in growth chamber plants although being watered. As
well as for water-stressed and growth chamber plants, photosynthesis
was reduced by low temperature in our study, reflecting that grapevine
photosynthesis is very sensitive to mild chilling conditions (Flexas et al.,

100 0.8 Fig. 3. (A) Leaf mass area and (B) leaf density
A a B in V. vinifera cv. Grenache across all conditions
a (“CL”: control, “GCC”: growth chamber condi-
tions, “GCC-WS”: growth chamber conditions
23] 087 under water stress, “GCC-Cold™ growth
o« b = chamber conditions under cold). P-values from
e be ‘7E One-Way ANOVA are shown. Different letters
2 g ¢ ; 0.4 b indicate differences among treatments. n =
< S b b 5-6 (means * SE).
3 S
259 0.24
0- 0.0-
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Table 1

Journal of Plant Physiology 244 (2020) 153084

Leaf cell wall composition of V. vinifera cv. Grenache across all conditions (“CL”: control, “GCC”: growth chamber conditions, “GCC-WS”: growth chamber conditions
under water stress, “GCC-Cold”: growth chamber conditions under cold). Average values + SE are shown for alcohol insoluble residue, cellulose, hemicelluloses and
pectins. P-values from One-Way ANOVA are shown. Different letters indicate differences among treatments. n = 4-6 (means * SE).

Treatments AIR Cellulose Hemicelluloses Pectins

(gg™" dry weight) (mg g~ " AIR) (mg g~ " AIR) (mg g~ " AIR)
cL 0.25 + 0.05*" 83.82 + 11.63" 393.81 + 8.69° 79.97 + 3.68"
Gee 0.19 + 0.01" 141.99 + 10.97* 256.22 + 18.39" 109.82 + 6.39"
GCC-WS 0.30 + 0.04* 169.74 + 12.17* 163.61 + 13.03¢ 113.27 + 873"
GCC-Cold 0.17 + 0.01" 13078 + 13.12% 123.52 + 11.25° 74.84 + 3.22"

1999). Additionally, although it is thought that increased e under cold
temperature is an elastic adjustment that leads to the avoidance of leaf
injury due to ice formation (Scholz et al., 2012; Arias et al., 2015), our
cold treatment did not promote changes in leaf water relations com-
pared to control plants, which is contrary to the reported for other
species (Scholz et al., 2012; Arias et al., 2015; Zhang et al., 2016). This
fact could be because our cold conditions were established at 13 °C
instead of at zero or sub-zero temperatures, showing that mild tem-
perature was not enough to promote changes in leaf water relations.
However, water stress, cold and growth chamber conditions induced
changes in LMA and LD (Fig. 3). Although it has been described that LD
reflects to some extent the cell wall content per leaf (Poorter et al.,
2009), variations in AIR quantities obtained in our experimental

conditions (Table 1) did not follow the same pattern that LD changes.
Therefore, when applying growth chamber and water stress conditions
we obtained that photosynthesis and water relations changed compared
to control plants. However, when applying cold, photosynthesis but not
water relations were modified. This enables the possibility to check
those changes in cell wall components that are specifically related to
variations in photosynthesis and g, as compared to other modifications
specifically affecting water relations. A similar approach was recently
proposed by Clemente-Moreno et al. (2019) studying short-term salinity
or water stress and recovery in tobacco. The long-term water and cold
stresses applied here plus an extra treatment (growth chamber condi-
tions) were used to induce long-term changes in studied parameters,
providing extended data for observed traits in acclimated plants.

Treatment ® CL ® GCC A GCCWS X GCC-Cold

125

A R%-087| 0101B R%*-0.95
P =0.046 P=0.015
s 10.01
Ty T 0075
IE 7.51 l"‘E
o) S 1 nen | A
o g o080
_g 504 s —
2 -
3 e o 0.025
0.0 0.000 1
50 100 150 200 50 100 150 200
Cellulose (mg g'AIR) Cellulose (mg g”'AIR)
25{¢C R2-084| 251D R?-0.95
P=0.053 P=0.017
20
20
) & 157
n o
= 15 z
w w 10 -
10
5
51 0
400 600 800 1000 60 80 100 120 140

AR (mg g™' DW)

Pectins (mg g"'AIR)

Fig. 4. (A) Relationship between light-saturated CO, assimilation and cellulose content, (B) relationship between mesophyll conductance and cellulose content, (C)
relationship between elastic modulus of elasticity and AIR content and (D) relationship between elastic modulus of elasticity and pectins content in V. vinifera cv.

Grenache across all conditions. n = 4-6 (means + SE).
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Once we had established four different treatments leading to dis-
tinct effects on photosynthetic, water relations and leaf structural traits,
we could analyse how these changes were related to cell wall main
composition. Cell wall composition experienced changes due to water
stress in all analysed compounds (Table 1), following the same pattern
described by Sweet et al. (1990) also in grapevines. In fact, higher
amount of pectins are thought to be crucial to control the pectic matrix
hydration status during water stress (Leucci et al., 2008; Moore et al.,
2008). Additionally, some studies performed under cold conditions
detected an enhancement in the pectin concentration as well as in the
activities of pectin-modifying enzymes, suggesting they could be crucial
for plant resistance to cold exposure (Solecka et al, 2008; Carvalho
et al., 2013; Baldwin et al., 2014). For instance, testing the tropical
species Nidularium minutum it was revealed that pectins increased
growing plants at 10 °C and 15 °C compared to 25 °C (Carvalho et al,,
2013). However, our results differed with the previous study as we
detected no changes in pectin content in comparison to control
(Table 1). As both studies were performed testing similar temperatures,
different pectin behaviour could be attributed to species. While tem-
perate plants are sometimes chilling-tolerant by activating strategies to
withstand cold, tropical ones are more sensitive (Carvalho et al., 2013).
Besides pectin modification, cold exposure sometimes promotes
changes in sugars composition, but they do not follow a fixed pattern,
as cellulose and hemicellulose concentrations have been reported to
either increase or decrease (Le Gall et al., 2015). Our study detected a
slightly increase in cellulose and a stronger reduction in hemicelluloses
compared to control (Table 1).

Regarding to cell wall characterization of control treatment, al-
though high irradiance may lead to hotter environmental conditions,
these two conditions have been mainly tested individually to evaluate
cell wall state (Le Gall et al., 2015). Furthermore, Masuda et al. (1981)
and Suwa et al. (2010) detected that cell wall composition could also
depend on studied genotypes, tissues and organs when considering high
irradiance. Nonetheless, both heat and irradiance can affect cell wall
sugars and pectin metabolisms. Whilst sugars behaviour is more
varying, pectin concentration tends to increase once high irradiance is
established and behaves oppositely when hotter conditions are settled
(Le Gall et al., 2015). Nevertheless, our results (Table 1) followed the
same pattern than the ones obtained in Lima et al. (2013) testing coffee
leaves at 37 °C, where hemicelluloses and pectins significantly in-
creased and decreased, respectively, as compared to growth chamber
conditions (lower temperature and irradiance).

Despite the use of few datapoints do not allow us to assess definitive
remarks, our results suggest a possible role of cell wall composition in
determining both g, and e. The potential importance of cell wall in
varying photosynthesis has recently been suggested by Ellsworth et al.
(2018) testing rice CslF6 mutants with disruptions in cell wall mixed-
linkage glucans. In these mutants, lower g,, and, thus, Ay could be as-
sociated to changes in both cell wall porosity and tortuosity, which
have been mainly explained due to modifications in the cell wall pectin
fraction. However, mixed-linkage glucans are exclusive of grasses and
few other plants, hence their role cannot be extended to other plant
groups, including grapevine. Recently, Clemente-Moreno et al. (2019)
found that both salt and water stress treatments significantly affected
tobacco leaves cell wall composition, specifically pectins, which
showed significant relationships with Ay and gn. According to Moore
et al. (2008), McKenna et al. (2010) and Solecka et al. (2008), cellulose
and hemicelluloses are embedded in a complex pectin matrix. When the
whole matrix contracts, pectins contract around cellulose and hemi-
celluloses microfibrils and the size of the cell wall pores may be altered
making the CO, pathway through the cell wall more tortuous, thus
contributing to lower g,,. In contrast, in our study cellulose was the only
cell wall component significantly associated to photosynthetic traits,
particularly, g, (Fig. 4B). Considering the cell wall as a whole, changes
in its compounds and in the way they organise have been reported as
important facts regulating leaf mechanical traits (Kitajima et al., 2012;
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Le Gall et al., 2015; Farahi et al., 2017). We speculate that increases in
cellulose amounts, particularly those achieved without changes in LMA
or LD - such as those observed under growth chamber, cold and water
stress conditions — may result in a tighter package of its microfibrils,
limiting CO, flux through the mesophyll as observed by reduced g,,.
These results provide further evidence that cell wall compounds can be
involved in g regulation, but different compounds involvement could
depend on species and/or environmental conditions.

Additionally, two significant correlations were found between cell
wall composition and leaf water relations, i.e. between & and AIR and
between e and pectin content (Figs. 4C and D, respectively). Cell wall
thickness is one of the parameters affecting cell elasticity in single cells
(Tyree and Jarvis, 1982) and it may also drive bulk tissue e (Peguero-
Pina et al., 2017). Nonetheless, it is not likely that cell wall thickness is
responsible for rapid elastic adjustments. The first studies highlighting
that cell wall compounds interactions and rearrangement could be
crucial in determining short-term changes in & were reported in Peltier
and Marigo (1999) and Marshall and Dumbroff (1999), who found,
respectively, fast decreasing of ¢ (< 24h) in Fraxinus excelsior in re-
sponse to ABA and pH treatments and an increased e and cell wall
stiffness in Picea glauca in response to paclobutrazol (a synthetic plant
growth-regulator). Although more studies are required for a better
understanding in how the increasing in cell wall rigidity occurs, some
authors suggested that cellulose and hemicelluloses could modulate &
(Niinemets, 2016; Miranda-Apodaca et al, 2018). However, more
agreement is found considering that an enhancement in pectins and in
stronger polymers cross-linking in the pectic fraction could be involved
in this process (Solecka et al., 2008; Baldwin et al., 2014). From our
results, although few datapoints were used, we observed that pectins
were the unique cell wall component driving ¢ in V. vinifera cv. Gre-
nache (Fig. 4D) as no significant correlations were found between ¢ and
the two other main cell wall components.

To the best of our knowledge, this study provides the first evidence
of how cell wall composition could play a significant role in de-
termining both e and Ay - specially through g, -, testing four different
conditions at intraspecific level. While in our study Ay and g. better
correlated with cellulose and e with pectins, more studies are required
using a larger range of species and treatments, for a proper under-
standing of how cell wall composition can affect leaf physiology.
Moreover, other minor cell wall components not considered thus far in
previous studies concerning g. (Ellsworth et al, 2018; Clemente-
Moreno et al., 2019 and the present) such as lignins and phenols should
be tested in further experiments as Sarkar et al. (2009) and
Karabourniotis et al. (2014) suggested they could influence both water
relations and photosynthesis.
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Abstract

In the current climate change scenario, understanding crops’ physiologic performance
under water shortage is crucial to overcome drought periods. Although the implication of
leaf water relations maintaining leaf turgor and stomatal functioning under water
deprivation has been suggested, the relationships between photosynthesis and osmotic
and elastic adjustments remain misunderstood. Similarly, only few studies in
dicotyledonous species analysed how changes in cell wall composition affected
photosynthesis and leaf water relations under drought. To induce modifications in
photosynthesis, leaf water relations and cell wall composition, Hordeum vulgare and
Triticum aestivum were subjected to different water regimes: control (full irrigation,
100% field capacity; FC), 50% FC and 40% FC. Water shortage promoted photosynthesis
reductions mainly attributed to stomatal conductance (gs) declines, being accompanied
by reduced osmotic potential at full turgor (no) and increased bulk modulus of elasticity
(€). Whereas both species enhanced pectins when intensifying water deprivation, species-
dependent adjustments occurred for cellulose and hemicelluloses. From these results, we
showed that mo and ¢ adjustments influenced photosynthesis, particularly, gs.
Furthermore, the (Cellulose+Hemicelluloses)/Pectins ratio determined & and mesophyl|

conductance (gm) in grasses, presenting the lowest pectins content within angiosperms.
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Thus, we highlight the relevance of cell wall composition regulating grasses physiology

during drought acclimation.

Keywords
Cell wall composition, Hordeum vulgare, pectins, photosynthesis, Triticum aestivum,

water deficit stress.

Abbreviations

ar, apoplastic water fraction; AIR, alcohol insoluble residue; An, net CO2 assimilation;
C*x, leaf area specific capacitance at full turgor; &, bulk modulus of elasticity; ETR,
electron transport rate; Wmq, midday water potential; Wpq, pre-dawn water potential; Wup,
water potential at turgor loss point; gm, mesophyll conductance; gs, stomatal conductance;
LD, leaf density; LMA, leaf mass per area; mo, osmotic potential at full turgor; Riight, light
respiration; RWC, leaf relative water content; RWCiyp, relative water content at turgor loss
point; WUE;, intrinsic water use efficiency.

1. Introduction

Wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) are two of the most
important grass crops worldwide, whose cultivars have been traditionally selected to
enhance their production while increasing their drought tolerance [1-3]. In fact, water
deprivation is one of the most relevant abiotic conditions limiting crops production in a
climate change scenario, which is characterized by large variations in rainfalls amount,
frequency, and duration [4-6]. Thus, one of the major challenges of plant physiology is
to improve crops yield identifying those traits that can contribute to improve their drought
tolerance [7-9]. Since photosynthesis is a crucial process influencing plants growth and
productivity, it is important to understand how distinct levels of water deficit stress
impose a limitation to photosynthesis performance [10-13]. Therefore, it has been
described that severe water deficit stress imposition leads to important biochemical
limitations to photosynthesis [11,14], whereas moderate levels of water shortage induce
diffusional limitations [11,13]. Specifically, reductions in net CO> assimilation (An) are
caused by diminishing in both stomatal and mesophyll conductances (gs and gm,
respectively) [10-14], promoting an enhancement of the intrinsic water use efficiency

(WUE;) due to often larger declines in gs than in gm [15,16].
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Photosynthesis performance may be related to leaf water relations under water
deficit stress conditions [17]. Thus, pressure-volume (P-V) derived parameters —
particularly, the water potential at turgor loss point (Wup), the osmotic potential at full
turgor (mo), the bulk modulus of elasticity (¢) and the leaf capacitance— have been linked
with photosynthesis across species [17-19]. Although modifications in both osmotic and
elastic adjustments (i.e., changes in wo and €) have been proposed as mechanisms to face
water deficit stress, their relationship with photosynthetic adjustments is still poorly
understood. Hence, whereas an osmotic adjustment consisting in m, reductions is a
common response in those species submitted to water shortage [20-25], elastic
adjustments could be species-specific and may involve different strategies [20,25-29].
Nevertheless, Sack et al. [30] and Niinemets [31] proposed that foliar traits —specifically,
the leaf mass per area (LMA) and the leaf density (LD)— could determine €. However,
Moore et al. [32], Solecka et al. [33], Alvarez-Arenas et al. [34], Miranda-Apodaca et al.
[35], Nadal et al. [18] and Roig-Oliver et al. [27,28] suggested that modifications in cell
wall composition could be also important to regulate €, but empirical evidences are for
now restricted only to Roig-Oliver et al. [27].

The cell wall is a complex structure surrounding plant cells that is mainly
composed of cellulose, hemicelluloses and pectins [36-40]. Of the previous, cellulose is
the most abundant polysaccharide and conforms a microfibril matrix that provides
mechanical strength to the wall [37-40]. Within those closely packed cellulose
microfibrils, non-cellulosic polysaccharides (hereafter “hemicelluloses”) are placed [36-
37]. The resulting cellulose-hemicelluloses network is embedded in a pectin matrix
containing cross-linking structural proteins [38-40], which is thought to be a relevant
structure to maintain an appropriated cell wall hydric status, especially during water
shortage [32,39,41,42]. Furthermore, changes in the amounts of pectins are also linked to
photosynthesis —particularly, via gm adjustments— in Nicotiana sylvestris and to € in Vitis
vinifera subjected to contrasting abiotic stressors including water deprivation [27,43].
Nonetheless, the relationships between changes in photosynthesis and leaf water relations
derived parameters with modifications in cell wall composition seem to be complex and,
perhaps, species-specific. In this sense, different patterns to adjust cell wall composition,
leaf water relations and photosynthesis were found in Ginkgo biloba and Helianthus
annuus subjected to water deficit stress [28]. Moreover, gm was linked to lignins and cell
wall bound phenolics in H. annuus submitted to contrasting water regimes, but instead no

correlation between any cell wall compound and € was observed [29].
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To the best of our knowledge, studies focusing on the interactions between cell
wall composition and changes in photosynthesis and leaf water relations parameters due
to water deficit stress have been only performed in dicotyledonous species [27,29], with
the exception of a dicotyledonous-gymnosperm comparison [28]. However, some of the
most economically important crops worldwide are monocotyledonous and, particularly,
grasses like maize, rice, sorghum, sugarcane, wheat, bamboo, oat, and barley [44,45]. In
fact, monocotyledonous possess a specific cell wall composition within angiosperms as
they may contain even larger proportions of cellulose and hemicelluloses —with changes
in their cross-linking interactions as well as in the relative abundance of specific non-
cellulosic polysaccharides—, but with a significant reduction of pectins [36,37,40,47,48].
Additionally, grasses represent a specific group within monocotyledonous from a cell
wall compositional perspective because they also accumulate large quantities of mixed-
linked glucans [36,37], which alterations were shown to affect gm in mutant rice
genotypes [49]. Thus, we evaluated H. vulgare and T. aestivum subjected to distinct levels
of water deficit stress to detect potential relationships between changes in cell wall
composition and adjustments in photosynthesis and in leaf water relations derived
parameters, being gs, gm, 7o and ¢ key traits. The main hypothesis of the present study is
that cell wall composition rearrangement due to water deprivation is linked to
modifications in both photosynthetic and leaf water related parameters, which may have
important implications for understanding grass crops physiology and management in a

climate change scenario.

2. Materials and methods

2.1. Plant material and growth conditions

T. aestivum and H. vulgare seeds were sown in water-irrigated 3 | pots containing a
substrate mixture of peat and perlite (3:1, v/v). They were placed in a growth chamber at
25 °C receiving 300 pmol m s photosynthetic photon flux density (PPFD) for 12 h
followed by 12 h of darkness. Plants were monitored to be watered to full capacity (FC)
every two days, receiving Hoagland’s solution 50% once a week. Three weeks after the
sowing, three different treatments were imposed: control (i.e., full irrigation, 100% FC),
50% FC and 40% FC. Five individual replicates per species were randomly subjected to
each treatment. Whereas control plants were maintained at 100% FC, plants belonging to
50% and 40% FC treatments were monitored daily to maintain each pot at specific FC by

replacing evapo-transpired water. In all cases, treatments lasted three weeks.
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2.2. Plants water status and foliar structure

At the end of the imposition of each treatment, pre-dawn (Wpqd) and midday (Wmaq) leaf
water potentials were measured in a fully developed leaf per plant using a pressure
chamber (Model 600D; PMS Instrument Company, Albany, OR, USA). Additionally, in
the same leaves used for Wmq, the leaf relative water content (RWC), the leaf mass per

area (LMA) and the leaf density (LD) were determined. RWC was calculated as:

where FW, DW and TW correspond to fresh, dry, and turgid weights, respectively. The
FW was determined immediately after measuring Wmqd. Then, leaves were rehydrated in
distilled water for 24 h under darkness conditions at 4 °C to obtain the TW. At this
moment, leaves were photographed to calculate their area using ImageJ (Wayne
Rasband/NIH). Also, their thickness was measured with a digital caliper from five
measurements per leaf avoiding main veins. Finally, leaves were placed in an oven at 70
°C for 72 h to determine their DW. LMA was calculated as the ratio of dry weight to leaf
area, while LD was estimated as thickness per area.

2.3. Gas exchange and fluorescence measurements

An infrared gas analyser (IRGA) LI-6400XTR coupled with a fluorometer (Li-6400-40;
Li-Cor Inc., Lincoln, NE, USA) was used for simultaneous gas exchange and chlorophyll
a fluorescence (Chl a) measurements. The block temperature, the vapour pressure deficit
(VPD) and the flow rate were fixed at 25 °C, 1.5 kPa and 300 umol air min, respectively.
One fully developed leaf per plant was clamped into a 2 cm? cuvette and steady-state
conditions were induced at saturating photosynthetic photon flux density (PPFD 1500
umol m?2 s 90-10% red-blue light) and 400 pmol CO, mol™* air. When steady-state
conditions were reached —usually after 15-20 min—, measurements for net CO:
assimilation (An), stomatal conductance (gs), CO2 concentration at the sub-stomatal
cavity (Ci) and steady-state fluorescence (Fs) were registered. Afterward, a saturating
light flash of around 8000 pmol m2s* was applied to obtain the maximum fluorescence
(Fm’). From these values, the real quantum efficiency of photosystem Il (®psi) was

recorded in the equipment as follows:
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Dpgpp =

Moreover, light curves under non-photorespiratory conditions (< 1% O2) were performed
to estimate the electron transport rate (ETR) following Valentini et al. [50]. Light
respiration (Riignt) was considered as half the dark-adapted respiration rate after plants
exposition to darkness for, at least, 30 min [51]. As leaves did not cover the whole area
of the IRGA cuvette, a picture of the leaf fraction enclosed in the cuvette was taken to
recalculate the area with ImageJ. With all previous parameters, mesophyll conductance
(gm) was calculated as described in Harley et al. [52]. Species-specific values for the CO>
compensation point in the absence of respiration (/™*) were obtained from Hermida-
Carrera et al. [53].

2.4. Pressure-volume curves

A fully developed leaf adjacent to the one employed for gas exchange measurements was
used to perform pressure-volume (P-V) curves. Hence, leaves were rehydrated in distilled
water and kept under darkness conditions overnight. The next day, leaves water potential
was measured with a pressure chamber (Model 600D; PMS Instrument Company) and
they were subsequently weighted to determine their fresh weight. Thus, from complete
P-V curves of at least 10 points, the leaf water potential at turgor loss point (Wup), the
relative water content at turgor loss point (RWCup), the leaf osmotic potential at full turgor
(mo), the bulk modulus of elasticity (), the apoplastic water fraction (af), and the leaf area

specific capacitance at full turgor (C*x) were calculated [30,54].

2.5. Cell wall composition characterization

Those leaves used for gas exchange measurements were kept under darkness conditions
overnight to minimize starch content. The next morning, around 500 mg of fresh leaf
tissue per plant were cut in small pieces to be boiled until bleached in screwed-capped
tubes containing absolute ethanol. They were cleaned twice with acetone >95% obtaining
the alcohol insoluble (AIR), an approximation of the total isolated cell wall material. AIRs
were dried at room temperature and then, an a-amylase digestion was performed to
eliminate starch residues. Afterward, 3 analytical replicates per AIR weighting 3 mg,
approximately, were hydrolysed with 2 M trifluoroacetic acid at 121 °C for 1 h. After

that, they were centrifuged obtaining two phases: a supernatant (non-cellulosic cell wall
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components) and a pellet (cellulosic cell wall components). Whilst non-cellulosic cell
wall components were used for hemicelluloses and pectins quantifications, the pellet was
cleaned twice with distilled water and acetone >95%. The dry residue corresponding to
cellulose was hydrolysed with 200 pl sulphuric acid 72% (w/v) for 1 h, diluted to 6 ml
with distilled water and heated at 121 °C until degradation. Both cellulose and
hemicelluloses quantifications were performed by the phenol-sulphuric acid colorimetric
procedure [55]. Hence, samples absorbance was read at 490 nm and both sugars contents
were estimated interpolating samples values from a glucose calibration curve. For pectins
quantification, the colorimetric method described in Blumenkrantz and Asboe-Hansen
[56] was addressed using 2-hydroxybiphenil as a reagent. Thus, samples absorbance was
read at 520 nm and pectins content was determined interpolating samples values from a
galacturonic acid calibration curve. For all analyses, a Multiskan Sky Microplate

spectrophotometer (ThermoFisher Scientific) was employed.

2.6. Statistical analysis

Prior to perform statistical analyses, Thompson test was addressed to detect and subtract
outliers for all tested parameters. Then, two-way analysis of variance (ANOVA) and
subsequent LSD test were performed to identify statistically significant (P<0.05)
“species”, “treatments” and ‘‘species:treatments” effects. Furthermore, Pearson’s
correlation matrices were done to find correlations between all studied parameters, which
were considered as significant and highly significant when P<0.05 and P<0.01,
respectively. Finally, linear regressions between photosynthetic, leaf water relations and
cell wall composition parameters were fitted using mean values per species and treatment.
In all cases, the R statistical software (ver. 3.2.2; R Core Team, Vienna, Austria) was

employed.

3. Results

3.1. Plants water status

For both species, the reduction in water availability to 50% FC and 40% FC resulted in
significant declines in plant water status parameters (Table 1). Thus, both species
presented more negative values for Wyq and Wmg as compared to control, being T. aestivum
that species achieving the lowest values (Table 1). Instead, both species almost
maintained RWC to control values under 50% FC, but significant reductions were found

under 40% FC, being more accentuated in T. aestivum (Table 1).
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3.2. Photosynthetic characterization

Under control conditions, both species presented similar Ay rates (25.92 + 1.72 and 23.87
+1.18 umol CO, m2st for H. vulgare and T. aestivum, respectively), which were largely
reduced due to 40% FC imposition (Fig. 1A). The same pattern was also found for gs,
presenting reductions of almost 90% and 80% in H. vulgare and T. aestivum, respectively
(Fig. 1B). Because gs was more reduced than An, WUE; was significantly higher under
water deficit stress conditions than under control in both species, especially in the 40%
FC treatment (107.50 + 5.08 and 93.75 + 9.80 pmol CO2 mol™* H,0 for H. vulgare and T.
aestivum, respectively; Fig. 1C). Although gm only declined under 40% FC in H. vulgare
(0.07 £ 0.02 mol CO, m?2s?), it significantly increased under 50% FC in T. aestivum as
compared to control (0.40 + 0.06 and 0.23 + 0.04 mol CO, m2s™, respectively), being
then reduced to 0.13 + 0.04 mol CO, m2 s under 40% FC (Fig. 1D). Regarding ETR,
both “treatment” and “species” effects were significant (P=0.02 and P<0.001,
respectively), being H. vulgare that species presenting more pronounced reductions due
to water deficit stress treatments (Fig. 1E). Finally, only “species” effect was significant
for Riight as T. aestivum presented slightly higher values than H. vulgare under all tested
conditions (Fig. 1F).

3.3. Leaf water relations

Regarding P-V curves-derived parameters, water deficit stress imposed a significant shift
towards more negative Wyp in comparison to control, whereas no “species” effect was
detected (Fig. 2A). Again, these changes were more pronounced in T. aestivum as Wup
was significantly reduced during both water deprivation treatments imposition, whereas
Wup was similarly maintained to control values in H. vulgare subjected to 50% FC (Fig.
2A). Nonetheless, changes in RWCyp were specifically attributed to “treatments” effect
(P<0.001) since water shortage promoted RWCy, increasing as compared to control (Fig.
2B). Concerning mo, 50% FC imposition resulted in large declines in T. aestivum, whilst
it was maintained at control values in H. vulgare (Fig. 2C). Nonetheless, both species
presented significant reductions under 40% FC conditions, reaching -1.34 + 0.12 and -
1.20 £ 0.26 MPa in T. aestivum and H. vulgare, respectively (Fig. 2C). Regarding ¢
adjustments, changes were exclusively attributed to “treatments” effect (P<0.001) (Fig.
2D). Thus, under 40% FC, leaves rigidity (i.e., higher &) was almost three times larger
than under control in both species (11.33 + 1.40 and 29.42 + 0.30 MPa in T. aestivum and
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10.49 + 1.06 and 24.97 + 3.78 MPa in H. vulgare under control and 40% FC, respectively;
Fig. 2D). However, no significant changes were found for as (Fig. 2E). Finally, whereas
3.5-fold decreased C*x was found in T. aestivum under 40% FC as compared to control
(0.29 + 0.12 and 0.95 + 0.15 mol H,O m? MPa?, respectively), it was maintained
similarly to control values in H. vulgare (0.66 + 0.00 and 0.78 + 0.13 mol H.0 m? MPa’
! respectively; Fig. 2F).

3.4. Leaf structure and cell wall composition

Water deficit stress treatments induced different changes in both species foliar structure
and cell wall composition (Table 2). Whereas an enhancement of LMA and LD was
detected under 50 and 40% FC conditions as compared to control in H. vulgare, no
differences were observed in T. aestivum (Table 2). Regarding cell wall composition, H.
vulgare increased the AIR content and the amounts of hemicelluloses with no changes in
celluloses under 40% FC (Table 2). Instead, T. aestivum presented lower cellulose and
hemicelluloses contents under both water shortage treatments than under control, with no
changes in AIR (Table 2). Although pectins were gradually enhanced from control to 50%
FC in H. vulgare, they decreased under 50% FC in T. aestivum as compared to control
(Table 2). Nonetheless, both species displayed the highest amounts of pectins under 40%
FC conditions (Table 2).

3.5. Correlations between parameters

Relationships between all studied parameters are found in Table S1. Particularly,
significant  negative  correlations  were  found between ¢ and the
(Cellulose+Hemicelluloses)/Pectins ratio (R?=0.92, P<0.01, Fig. 3A) and gs (R?=0.60,
P=0.04, Fig. 3B). However, gs correlated positively with m, (R?=0.63, P=0.04, Fig. 3C)
and with the (Cellulose+Hemicelluloses)/Pectins ratio (R*=0.71, P=0.02, Fig. 3D).
Additionally, other significant negative correlations were found between gm and An with
pectins (R?=0.66, P=0.03, Fig. 4A and R?>=0.67, P=0.03, Fig. 4B, respectively).

4. Discussion

In the present study we tested two of the most relevant grass crops worldwide to examine
the implications of distinct levels of water deficit stress promoting changes in their
physiological performance. The classic response to water deprivation is characterized by

An reductions due to decreasing in the overall CO> diffusion, resulting in enhanced WUE;
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[10,14]. Although gs declines were already detected at 50% FC in both species, gm was
similarly maintained to control in H. vulgare whilst it was enhanced around 43% in T.
aestivum (Figs. 1B,D). In fact, enhanced gm under water deprivation was previously
reported in sunflowers subjected to long term water deficit stress [29]. Given that gsis a
reference parameter to understand plants responses to progressive drought and that severe
levels of water deficit stress usually occur when gs drops below 0.03 mol CO, m2s? [57],
our results may indicate that the water shortage treatments we applied just imposed a
moderate stress. However, the application of apparently moderate water deficit stress
treatments supposed significant changes in P-V derived parameters (Fig. 2).

Osmotic and elastic adjustments (i.e., changes in n, and &) are important
mechanisms to face water deprivation [20-22,24.] Although H. vulgare maintained o to
control value under 50% FC, significant declines were observed in T. aestivum,
demonstrating that both species presented different mechanisms to face this level of water
deficit stress. However, both of them achieved more negative n, after their exposition to
40% FC. Nonetheless, elastic modifications were only observed under 40% FC, resulting
in enlarged ¢ as previously reported in evergreen species subjected to drought periods
[20] probably because of modifications in the foliar structure [58,59]. Since LMA and
LD usually increase after plants exposition to water shortage, they have been correlated
positively with ¢ across species [31,60,61]. However, in our study, the relationships
between ¢ with LMA and LD were non-significant (Table S1), which implies that other
traits were involved in € adjustments in both grass species. Although it has been proposed
that modifications in cell wall thickness may determine ¢ changes [62,63], it is improbable
that such modifications are involved in fast & adjustments. Thus, some studies proposed
that changes in the cell wall proportion (i.e., the AIR) as well as in its compounds
rearrangement may affect ¢ [27,32-35]. Of the previous, only Roig-Oliver et al. [27]
provided empirical evidence on that issue, showing positive relationships between & and
AIR and pectins. In the present study, we also found that pectins content correlated with
¢ (Table S1), but an even more significant relationship emerged considering the
(Cellulose+Hemicelluloses)/Pectins ratio (Fig. 3A), evidencing that modifications in
pectins relative abundance determined elastic adjustments in grasses, even when they
contain less than half pectins amounts than non-gramineous angiosperms
[36,37,40,47,48]. Additionally, another two correlations between photosynthesis-related
and leaf water-related parameters were further observed (Figs. 3B,C), being ¢, m and gs

crucial traits. Lower mo values were achieved while enhancing the level of water
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deprivation, being accompanied by an increasing of leaves rigidity and by declines in gs,
all of them contributing to photosynthesis reductions. Since stomatal closure was in
general the main photosynthesis limitation, this study provides one of the first evidences
on the relationship between gs adjustments due to modifications in leaf cell wall
composition (Fig. 3D). In fact, Gago et al. [64] specifically proposed that changes in
guard cells’ cell wall composition —among other mechanisms such as specific sugars and
organic acids accumulation and alterations in enzymatic processes— could influence
stomatal movements, finally affecting photosynthesis. Particularly, it has been reported
that pectin arabinans degradation blocked stomatal movements in the dicotyledonous
Commelina communis [65] and high pectins deposition were found in the guard cells’ cell
wall of the grass species Zea mays [66]. Therefore, pectins have been proposed to strongly
regulate guard cells’ cell wall properties [67], which may potentially affect stomata
functioning and, thus, photosynthesis. Although further studies exclusively evaluating
guard cells’ cell wall composition are needed to confirm this role for pectins, we show
that even changes in their relative proportion considering the whole leaf cell wall were
also responsible of photosynthetic reductions due to gs modulation. Also, we demonstrate
pectins relevance in determining gm and, thus, photosynthesis (Figs. 4A,B). Although Ye
et al. [68] did not report any cell wall composition effect on photosynthesis testing well-
watered rice genotypes, Ellsworth et al. [49] and Zhang et al. [69] analysed different rice
mutants and attributed photosynthesis reductions to alterations in mixed-linked glucans
and to disrupted cellulose microfibrils orientation, respectively. However, those
modifications in cell wall composition affecting photosynthesis —and, particularly, gm—
under distinct abiotic stressors including water shortage have just been explored in some
dicotyledonous [27,29,43] and in a dicotyledonous-gymnosperm comparison [28].
Specifically, whilst Roig-Oliver et al. [28] found distinct patterns to face water deficit
stress in G. biloba and H. annuus, cellulose and pectins were exclusively linked to gmin
grapevines and tobacco, respectively [27,43]. Thus, our results are in agreement with
those reported in tobacco and are of special relevance since the effect of changes in cell
wall composition regulating photosynthesis —specially, gm— in grasses remained further

unexplored.

5. Conclusions
To the best our knowledge, this study provides the first evidence on the role of cell wall

composition determining both photosynthesis and leaf water relations adjustments in two
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of the most relevant grass crops worldwide subjected to distinct water deficit stress
regimes. Our results demonstrated the importance of osmotic and elastic adjustments
influencing photosynthesis, being o, €, and gs key parameters. Also, we highlighted that
changes in cell wall composition —particularly, in pectins content— determined leaf
elasticity and both gs and gm. Besides these modifications in the amounts of the analysed
leaf cell wall compounds, we speculate that they could be accompanied by changes in
their physicochemical interactions resulting in differed guard cells movement and to
altered wall porosity [65,66,70-73], which ultimately affected photosynthesis. However,
further studies testing a larger number of grass crops subjected to more water shortage
treatments as well as to recovery conditions are required to elucidate which physiologic
strategies are activated during drought events that resemble those caused by the climate

change.

Author contributions
MR-O, MF-P, JB and JF conceived and designed this study; MR-O and MF-P conducted
the experiment; MR-O and JF performed the data analysis and MR-O wrote the first draft

of the manuscript. All authors contributed to following versions, including the final one.

Funding

This work was supported by the project PGC2018-093824-B-C41 (Ministerio de
Economiay Competitividad; MINECO, Spain) and the ERDF (FEDER). MR-O and MF-
P were supported by pre-doctoral fellowships FPU16/01544 and FP1/1929/2016 through
MINECO and Govern de les Illes Balears, respectively.

Declaration of Competing Interest

The authors declare they have no potential conflict of interest.

Acknowledgements
The authors thank Mr Joan Mestre for providing the seeds of both species. Also, we thank
Dr Cyril Douthe for technical support during gas exchange performance and Dr Miquel

Nadal for his advices with P-V curves.

119



Chapter 4

References

[1] I.LK. Dawson, J. Russell, W. Powell, B. Steffenson, W.T.B. Thomas, R. Waugh,
Barley: a translational model for adaptation to climate change, New Phytol. 206 (2015)
913-931.

[2] A. Sallam, A.M. Algudah, M.F.A. Dawood, P.S. Baenziger, A. Borner, Drought stress
tolerance in wheat and barley: advances in physiology, breeding and genetics research,
Int. J. Mol. Sci. 20 (2019) 3137.

[3] A. Gastaldi, S. Alvarez Prado, J.A. Arduini, D.J. Miralles, Optimizing wheat (Triticum
aestivum L.) management under dry environments: a case study in the west pampas of
Argentina, Agric. Water Manag. 2333 (2020) 106092.

[4] J. Lipiec, C. Doussan, A. Nosalewicz, K. Kondracka, Effect of drought and heat
stresses on plant growth and yield: a review. Int. Agrophys. 27 (2013) 463-477.

[5] R.A. Richards, J.R. Hunt, J.A. Kirkegaard, J.B. Passioura, Yield improvement and
adaptation of wheat to water-limited environments in Australia - a case study, Crop
Pasture Sci. 65 (2014) 676—689.

[6] V.O. Sadras, R.A. Richards, Improvement of crop yield in dry environments:
benchmarks, levels of organisation and the role of nitrogen, J. Exp. Bot. 65 (2014) 1981
1995.

[7] D. Tilman, K.G. Cassman, P.A. Matson, R. Naylor, S. Polasky, Agricultural
sustainability and intensive production practices, Nature 418 (2002) 671-677.

[8] J.I.L. Morison, N.R. Baker, P.M. Mullineaux, W.J. Davies, Improving water use in
crop production, Philos. Trans. Biol. Sci. 363 (2008) 639-658.

[9] H.R. Schultz, Global climate change, sustainability, and some challenges for grape
and wine production, J. Wine Eco. 11 (2006) 181-200.

[10] M.M. Chaves, J.P. Maroco, J.S. Pereira, Understanding plant responses to drought —
from genes to the whole plant, Funct. Plant Biol. 30 (2003) 239-264.

[11] M.M. Chaves, J. Flexas, C. Pinheiro, Photosynthesis under drought and salt stress:
regulation mechanisms from whole plant to cell, Ann. Bot. 103 (2009) 551-560.

[12] J. Flexas, M.M. Barbour, O. Brendel, H.M. Cabrera, M. Carriqui, A. Diaz-Espejo,
C. Douthe, E. Dreyer, J.P. Ferrio, J. Gago, A. Gallé, J. Galmés, N. Kodama, H. Medrano,
U. Niinemets, J.J. Peguero-Pina, A. Pou, M. Ribas-Carbé, M. Tomas, T. Tosens, C.
Warren, Mesophyll conductance to CO2: an unappreciated central player in
photosynthesis. Plant Sci. 193-194 (2012) 70-84.

120



Chapter 4

[13] M. Nadal, J. Flexas, Variation in photosynthetic characteristics with growth form in
a water-limited scenario: implications for assimilation rated and water use efficiency in
crops, Agric. Water Manag. 216 (2019) 457-472.

[14] J. Flexas, J. Bota, F. Loreto, G. Cornic, T.D. Sharkey, Diffusive and metabolic
limitations to photosynthesis under drought and salinity in Cs plants, Plant Biol. 6 (2004)
269-279.

[15] J. Galmés, M.A. Conesa, J.M. Ochogavia, J.A. Perdomo, D.M. Francis, M. Ribas-
Carbo, R. Saveé, J. Flexas, H. Medrano, J. Cifre, Physiological and morphological
adaptations in relation to water use efficiency in Mediterranean accessions of Solanum
lycopersicum, Plant Cell Environ. 34 (2011) 245-260.

[16] J. Flexas, U. Niinemets, A. Gallé, M.M. Barbour, M. Centritto, A. Diaz-Espejo, C.
Douthe, J. Galmés, M. Ribas-Carbo, P.L. Rodriguez, F. Rosselld, R. Soolanayakanahally,
M. Tomas, I.J. Wright, G.D. Farquhar, H. Medrano, Diffusional conductances to CO; as
a target for increasing photosynthesis and photosynthetic water-use efficiency,
Photosynth. Res. 117 (2013) 45-59.

[17] D. Xiong, M. Nadal, Linking water relations and hydraulics with photosynthesis,
Plant J. 101 (2020) 800-815.

[18] M. Nadal, J. Flexas, J. Gulias, Possible link between photosynthesis and leaf
modulus of elasticity among vascular plants: a new player in leaf traits relationships?
Ecol. Lett. 21 (2018) 1372-1379.

[19] S.D. Zhu, Y .J. Chen, Q. Ye, P.C. He, H. Liu, R.H. Li, P.L. Fu, G.F. Jiang, K.F. Cao,
Leaf turgor loss point is correlated with drought tolerance and leaf carbon economics
traits, Tree Physiol. 38 (2018) 658-663.

[20] M.A. Lo Gullo, S. Salleo, Different strategies of drought resistance in three
Mediterranean sclerophyllous trees growing in the same environmental conditions, New
Phytol. 108 (1988) 267-276.

[21] M.D. Abrams, Adaptations and responses to drought in Quercus species of North
America, Tree Physiol. 7 (1990) 227-238.

[22] M.E. Kubiske, M.D. Abrams, Rehydration effects on pressure—volume relationships
in four temperate woody species: variability with site, time of season and drought
conditions, Oecologia 85 (1991) 537-542.

[23] M.K. Bartlett, C. Scoffoni, L. Sack, The determinants of leaf turgor loss point and
prediction of drought tolerance of species and biomes: a global meta-analysis, Ecol. Lett.
15 (2012) 393-405.

121



Chapter 4

[24] N.C. Turner NC, Turgor maintenance by osmotic adjustment: 40 years of progress,
J. Exp. Bot. 69 (2018) 3223-3233.

[25] M. Nadal, M. Roig-Oliver, J. Bota, J. Flexas, Leaf age-dependent elastic adjustment
and photosynthetic performance under drought stress in Arbutus unedo seedlings, Flora
271 (2020) 151662.

[26] M.A. Sobrado, N.C. Turner, A comparison of the water relations characteristics of
Helianthus annuus and Helianthus petiolaris when subjected to water deficits, Oecologia
58 (1983) 309-313.

[27] M. Roig-Oliver, M. Nadal, M.J. Clemente-Moreno, J. Bota, J. Flexas, Cell wall
components regulate photosynthesis and leaf water relations of Vitis vinifera cv.
Grenache acclimated to contrasting environmental conditions, J. Plant Physiol. 244
(2020) 153084.

[28] M. Roig-Oliver, M. Nadal, J. Bota. J. Flexas, Ginkgo Biloba and Helianthus annuus
show different strategies to adjust photosynthesis, leaf water relations, and cell wall
composition under water deficit stress, Photosynthetica 58 (2020) 1098-1106.

[29] M. Roig-Oliver, P. Bresta, M. Nadal, G. Liakopoulos, D. Nikolopoulos, G.
Karabourniotis, J. Bota, J. Flexas, Cell wall composition and thickness affect mesophyll
conductance to CO> diffusion in Helianthus annuus under water deprivation, J. Exp. Bot.
71 (2020) 7198-7209.

[30] L. Sack, P.D. Cowan, N. Jaikumar, N.M. Holbrook, The ‘hydrology’ of leaves:
coordination of structure and function intemperate woody species, Plant Cell Environ. 26
(2003) 1343-1356.

[31] U. Niinemets, Global-scale climatic controls of leaf dry mass per area, density, and
thickness in trees and shrubs, Ecology 82 (2001) 453-4609.

[32] J.P. Moore, J.M. Farrant, A. Driouich, A role for pectin-associated arabinans in
maintaining the flexibility of the plant cell wall during water deficit stress, Plant Signal.
Beh. 3 (2008) 102-104.

[33] D. Solecka, J. Zebrowski, A. Kacperska, Are pectins involved in cold acclimation
and de-acclimation of winter oil-seed rape plants. Ann. Bot. 101 (2008) 521-530.

[34] T.E.G. Alvarez-Arenas, D. Sancho-Knapik, J.J. Peguero-Pina. A. Gémez-Arroyo, E.
Gil-Pelegrin, Non-contact ultrasonic resonant spectroscopy resolves the elastic properties
of layered plant tissues, Appl. Phys. Lett. 113 (2018) 253704.

122



Chapter 4

[35] J. Miranda-Apodaca, U. Pérez-Lopez, M. Lacuesta, A. Mena-Petite, A. Mufioz-
Rueda, The interaction between drought and elevated CO, in water relations in two
grassland species is species-specific, J. Plant Physiol. 220 (2018) 193-202.

[36] N.C. Carpita, D.M. Gibeaut DM, Structural models of primary cell walls in flowering
plants: consistency of molecular structure with the physical properties of the walls during
growth, Plant J. 3 (1993) 1-30.

[37] N.C. Carpita, M.C. McCann, The functions of cell wall polysaccharides in
composition and architecture revealed through mutations, Plant Soil 247 (2002) 71-80.
[38] D.J. Cosgrove, Growth of the plant cell wall, Nat. Rev. Mol. Cell Biol. 6 (2005) 850—
861.

[39] R. Tenhaken, Cell wall remodeling under abiotic stress, Front. Plant Sci. 5 (2015)
771.

[40] C.T. Anderson, J.J. Kieber, Dynamic construction, perception, and remodelling of
plant cell walls, Ann. Rev. Plant Biol. 71 (2020) 39-69.

[41] M. Vicre, O. Lerouxel, J. Farrant. P. Lerouge, A. Driouich, Composition and
desiccation-induced alterations of the cell wall in the resurrection plant Craterostigma
wilmsii, Physiol. Plant. 120 (2004) 229-239.

[42] M.R. Leucci, M.S. Lenucci, G. Piro, G. Dalessandro, Water stress and cell wall
polysaccharides in the apical root zone of wheat cultivars varying in drought tolerance, J.
Plant Physiol. 165 (2008) 1168-1180.

[43] M.J. Clemente-Moreno, J. Gago, P. Diaz-Vivancos, A. Bernal, E. Miedes, P. Bresta,
G. Liakopoulos, A.R. Fernie, J.A. Hernandez, J. Flexas, The apoplastic antioxidant
system and altered cell wall dynamics influence mesophyll conductance and the rate of
photosynthesis, Plant J. 99 (2019) 1031-1046.

[44] J.L. Steiner, A.J. Flanzluebbers, Farming with grass — for people, for profit, for
production, for protection, J. Soil Water Conserv. 64 (2009) 75A—-80A.

[45] T.I. Odintsova, M.P. Slezina, E.A. Istomina, Defensins of grasses: a systematic
review, Biomolecules 10 (2020) 1029.

[46] N.C. Carpita, Structure and biogenesis of the cell walls of grasses, Annu. Rev. Plant
Physiol. Plant Mol. Biol. 47 (1996) 445-476.

[47] J. Vogel J, Unique aspects of the grass cell wall, Curr. Opi. Plant Biol. 11 (2008)
301-307.

[48] R.D. Hatfield, D.M. Rancour, J.M. Marita, Grass cell walls: a story of cross-linking,
Front. Plant Sci. 7 (2017) 2056.

123



Chapter 4

[49] P.V. Ellsworth, P.Z. Ellsworth, N.K. Koteyeva, A.B. Cousins, Cell wall properties
in Oryza sativa influence mesophyll CO2 conductance, New Phytol. 219 (2018) 66—76.
[50] R. Valentini, D. Epron, P.D. Angelis, G. Matteucci, E. Dreyer, In situ estimation of
net COz assimilation, photosynthetic electron flow and photorespiration of Turkey oak
(Q. cerris L.) leaves: diurnal cycles under different water supply, Plant Cell Environ. 18
(1995) 631-664.

[51] U. Niinemets, A. Cescatti, M. Rodeghiero, T. Tosens, Leaf internal diffusion
conductance limits photosynthesis more strongly in older leaves of Mediterranean
evergreen broad-leaved species, Plant Cell Environ. 28 (2005) 1552—-1566.

[52] P.C. Harley, F. Loreto, G. Di Marco, T.D. Sharkey, Theoretical considerations when
estimating the mesophyll conductance to CO: flux by the analysis of the response of
photosynthesis to CO., Plant Physiol. 98 (1992) 1429-1436.

[53] C. Hermida-Carrera, M.V. Kapralov, J. Galmés, Rubisco catalytic properties and
temperature response in crops, Plant Physiol. 171 (2016) 2549-2561.

[54] L. Sack, J. Pasquet-Kok, Leaf pressure-volume curve parameters. Prometheus Wiki.
Available at http://prometheuswiki.org/tiki-pagehistory.php?page=Leaf%20pressure-
volume%20curve%20parameters&preview=16 (accessed 24 October 2020)

[55] M. Dubois, K.A. Gilles, J.K. Hamilton, P.A. Rebers, F. Smith F, Colorimetric
method for determination of sugars and related substances, J. Anal. Chem. 28 (1956) 350—
356.

[56] N. Blumenkrantz, G. Asboe-Hansen, New method for quantitative determination of
uronic acids, Anal. Bioche. 54 (1973) 484489

[57] H. Medrano, J.M. Escalona, J. Bota, J. Gulias, J. Flexas, Regulation of
photosynthesis of Cz plants in response to progressive drought: stomatal conductance as
a reference parameter, Ann. Bot. 89 (2002) 895-905.

[58] S. Salleo, M.A. Lo Gullo, Sclerophylly and plant water relations in three
Mediterranean Quercus species, Ann. Bot. 65 (1990) 259-27.

[59] T. Saito, K. Soga. T. Hoson, I. Terashima, The bulk elastic modulus and the
reversible properties of cell walls in developing Quercus leaves, Plant Cell Physiol. 47
(2006) 715-725.

[60] I.J. Wright, P.B. Reich, J.H.C. Cornelissen, D.S. Falster, P.K. Groom, K. Hikosaka,
W. Lee, C.H. Lusk, U. Niinemets, J. Oleksyn, N. Osada, H. Poorter, D.l. Warton, M.
Westoby, Modulation of leaf economic traits and trait relationships by climate, Glob.
Ecol. Biogeogr. 14 (2005) 411-421.

124



Chapter 4

[61] H. Poorter, U. Niinemets, L. Poorter, 1.J. Wright, R. Villar, Causes and consequences
of variation in leaf mass per area (LMA): a meta-analysis, New Phytol. 182 (2009) 565—
588.

[62] M.T. Tyree, P.G. Jarvis PG, Water in tissues and cells, in: O.L. Lange, P.S. Nobel,
C.B. Osmond, H. Ziegler (Eds.), Physiological Plant Ecology Il, Encyclopedia of Plant
Physiology, Springer, Berlin, 1982, pp. 33-77.

[63] J.J. Peguero-Pina, D. Sancho-Knapik, E. Gil-Pelegrin, Ancient cell structural traits
and photosynthesis in today’s environment, J. Exp. Bot. 68 (2017) 1389-1392.

[64] J. Gago, D.M. Daloso, C.M. Figueroa, J. Flexas, A.R. Fernie, Z. Nikoloski Z,
Relationships of leaf net photosynthesis, stomatal conductance, and mesophyll
conductance to primary metabolism: a multispecies meta-analysis approach, Plant
Physiol. 171 (2016) 265-279.

[65] L. Jones, J.L. Milne, D. Ashford, S.J. McQueen-Mason SJ, Cell wall arabinan is
essential for guard cell function, Proc. Natl. Acad. Sci. USA 100 (2003) 11783-11788.
[66] L. Jones, J.L. Milne, D. Ashford, M.C. McCann, S.J. McQueen-Mason, A conserved
functional role of pectic polymers in stomatal guard cells from a range of plant species,
Planta 221 (2005) 255-264.

[67] I. Shtein, Y. Shelef, Z. Marom, E. Zelinger, A. Schwartz, Z.A. Popper, B. Bar-On,
S. Harpaz-Saad, Stomatal cell wall composition: distinctive structural patterns associated
with different phylogenetic groups, Ann. Bot. 119 (2017) 1021-1033.

[68] M. Ye, Z. Zhang, G. Huang, Z. Xiong, S. Peng, Y. Li Y, High leaf mass per area
Oryza genotypes invest more leaf mass to cell wall and show a low mesophyll
conductance, AoBP 12 (2020) plaa028

[69] R. Zhang, H. Hu, Y. Wang, Z. Hu, S. Ren, J. Li, B. He, Y. Wang, T. Xia, P. Chen,
G. Xie, L. Peng, A novel rice fragile culm 24 mutant encodes a UDP-glucose epimerase
that affects cell wall property and photosynthesis, J. Exp. Bot. 71 (2020) 2956—-2969.
[70] N. Carpita, D. Sabularse, D. Montezinos, D.P. Delmer, Determination of the pore
size of cell walls of living plant cells, Science 205 (1979) 1144-1147.

[71] O. Baron-Epel, P.K. Gharyal, M. Schindler, Pectins as mediators of wall porosity in
soybean cells, Planta 175 (1988) 389-395

[72] L. Frankova, S.C. Fry, Biochemistry and physiological roles of enzymes that ‘cut
and paste’ plant cell-wall polysaccharides, J. Exp. Bot. 64 (2013) 3519-3550.

[73] J. Flexas, A. Diaz-Espejo, M.A.Conesa, R.E. Coopman, C. Douthe, J. Gago, A.
Gallé, J. Galmés, H. Medrano, M. Ribas-Carbd, M. Tomas, U. Niinemets, Mesophyll

125



Chapter 4

conductance to CO2 and Rubisco as targets for improving intrinsic water use efficiency
in Cz plants, Plant Cell Environ. 39 (2015) 965-982.

126



Chapter 4

Table 1. Water status of H. vulgare and T. aestivum plants subjected to different
conditions (CL, control; 50% FC, 50% field capacity; 40% FC, 40% field capacity). Mean
values = SE are shown for pre-dawn leaf water potential (Wpa), midday leaf water potential

(Wmd) and RWC (leaf relative water content). Species and treatments effects were

quantified by two-way ANOVA and differences between groups were addressed by LSD

test. P-values are shown. n =5 in all cases.

Species Wpd Wind RwWC

and treatments (MPa) (MPa) (%)

H. vulgare — CL -0.23 +0.012 -0.82 + 0.04 90.62 + 2.472
H. vulgare — 50% FC -0.50 £ 0.09° -1.30 £ 0.09° 88.39 + 1.01%
H. vulgare — 40% FC -1.80 + 0.05° -2.15 +0.04° 81.81 +2.39°
T. aestivum — CL -0.21 +0.032 -0.74 + 0.082 94.15 + 0.722
T. aestivum — 50% FC -0.37 £0.01% -1.40 £ 0.09° 88.68 + 0.31%
T. aestivum — 40% FC -2.07 £0.11¢ -2.66 + 0.16¢ 67.44 + 4.12°
Species 0.369 0.023 0.046
Treatments <0.001 <0.001 <0.001
Species: Treatments 0.012 0.018 0.002
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Fig. 1. Photosynthetic characterization of H. vulgare and T. aestivum plants subjected to
different conditions (CL, control; 50% FC, 50% field capacity; 40% FC, 40% field
capacity). (A) Net CO assimilation (An), (B) stomatal conductance (gs), (C) intrinsic
water use efficiency (WUE;), (D) mesophyll conductance (gm), (E) electron transport rate
(ETR) and (F) light respiration (Riight). Species (S) and treatments (T) effects were
quantified by two-way ANOVA and differences between groups were addressed by LSD
test. Different superscript letters indicate significant differences. Significance: ***

P<0.001; ** <0.01; * <0.05; ™ <0.5. Values are means + SE (n = 5).
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Fig. 2. Leaf water relations of H. vulgare and T. aestivum plants subjected to different
conditions (CL, control; 50% FC, 50% field capacity; 40% FC, 40% field capacity). (A)
Water potential at turgor loss point (Wup), (B) relative water content at turgor loss point
(RWCup), (C) osmotic potential at full turgor (mo), (D) bulk modulus of elasticity (), (E)

apoplastic water fraction (as), and (F) leaf area specific capacitance at full turgor (C*s).

Species (S) and treatments (T) effects were quantified by two-way ANOVA and

differences between groups were addressed by LSD test. Different superscript letters

indicate significant differences. Significance: *** P<0.001; ** <0.01; * <0.05; ™ <0.5.

Values are means + SE (n =5).
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Fig. 3. Relationships between bulk modulus of elasticity (¢) and (A)

(Cellulose+Hemicelluloses)/Pectins ratio and (B) stomatal conductance (gs) and

relationships between gs and (C) osmotic potential at full turgor (mo) and (D)

(Cellulose+Hemicelluloses)/Pectins ratio in H. vulgare and T. aestivum plants subjected

to different conditions (CL, control; 50% FC, 50% field capacity; 40% FC, 40% field
capacity). n =5 (means £ SE).
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Fig. 4. (A) Relationship between mesophyll conductance (gm) and pectins content and
(B) relationship between net CO> assimilation (An) and pectins content in H. vulgare and

T. aestivum plants subjected to different conditions (CL, control; 50% FC, 50% field
capacity; 40% FC, 40% field capacity). n = 5 (means + SE).
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Abstract

Water shortage strongly affects plants physiological performance. Since tomato (Solanum
lycopersicum) non-long shelf-life (nLSL) and long shelf-life (LSL) genotypes differently
face water deprivation, we subjected a nLSL and a LSL genotype to four treatments:
control (i.e., well-watering), short-term water deficit stress at 40% field capacity (ST 40%
FC), short-term water deficit stress at 30% FC (ST 30% FC) and short-term water deficit
stress at 30% FC followed by recovery (ST 30% FC-Rec). Treatments imposition
promoted genotypic-dependent elastic adjustments that were accompanied by distinct
photosynthetic responses. Whilst the nLSL genotype largely modified mesophyli
conductance (gm) across experimental conditions, it was kept within a narrow range in
the LSL. Particularly, modifications in the relative abundance between cell wall
compounds and in sub-cellular anatomic parameters such as the chloroplasts surface area

exposed to intercellular air spaces per leaf area (S¢/S) and the cell wall thickness (Tew),
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regulated gm in the LSL genotype. Instead, only changes in foliar structure at supra-
cellular level influenced gm in the nLSL genotype. Thus, we demonstrate for the first time
that even genotypes of the same species can present different elastic, anatomic and cell
wall composition mediated-mechanisms to regulate gm and photosynthesis when

subjected to distinct water regimes.

Key words
Bulk modulus of elasticity, cell wall composition, cell wall thickness, genotype,

mesophyll conductance, pectins, photosynthesis, tomato, water deficit stress.
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Introduction

Water scarcity is one of the most relevant abiotic stresses limiting photosynthesis and,
thus, plants growth and productivity (Flexas, Bota, Loreto, Cornic, & Sharkey, 2004;
Chaves, Flexas, & Pinheiro, 2009; Nadal & Flexas, 2019). In the present scenario of
climate change, which is mainly characterized by increased temperatures and large
reductions in the water supply, agriculture is one of the most affected sectors (Morison,
Baker, Mullineaux, & Davies, 2008). Together with the desertification of several regions,
global population is predicted to rise during the next decades, enhancing the demand from
crops production (Tilman, Cassman, Matson, Naylor, & Polasky, 2002; Schultz, 2016).
Since one of the major challenges for plant physiology is to improve crops’ productivity
(Evans, 1997; Long, Zhu, Naidu, & Ort, 2006; Wu, Hammer, Doherty, von Caemmerer,
& Farquhar, 2019), there is a need to select drought-resistant genotypes to ensure food
requirements (Mickelbart, Hasegawa, & Bailey-Serres, 2015).

Tomato (Solanum lycopersicum L.) is among the most produced and consumed
horticultural crops worldwide, accounting for more than 83000 available genotypes
(FAO, 2021). During centuries, tomato has undergone diverse cultivation practices
partially based on the conditions of each region, leading to the distinctive adaptation of
different landraces to specific areas (Cebolla-Cornejo, Rosselld, & Nuez, 2013; Bota et
al., 2014; Cortés-Olmos, Valcércel, Rossello, Diez, & Cebolla-Corneho, 2015; Flores,
Sanchez, Fenoll, & Hellin, 2017; Fullana-Pericas et al., 2017, 2019; Conesa, Fullana-

Pericas, Granell, & Galmés, 2020). Particularly, the Western Mediterranean long shelf-

137



Chapter 4

life (LSL) tomato landraces have been traditionally selected according to their fruit
phenotype, which remain without signs of deterioration for more than 6-12 months after
harvested (Saladié et al., 2007; Bota et al., 2014; Conesa et al., 2014; Manzo et al., 2018).
Besides this particularity regarding fruits conservation, LSL genotypes in their vegetative
state have been also related to drought tolerance because of molecular, morphological,
physiological, and biochemical adaptations (Galmés et al., 2011, 2013; Fullana-Pericas
et al., 2017, 2019; Tranchida-Lombardo et al., 2018). Specifically, Galmés et al. (2011)
demonstrated that LSL genotypes exhibited larger intrinsic water use efficiency (WUE;)
than non-long shelf-life (nNLSL) ones when subjected to water deficit stress, minimizing
reductions in net CO. assimilation (An) as compared to stomatal conductance (gs)
declines. In fact, this enlarged WUE; has been correlated positively with the ratio between
mesophyll and stomatal conductances (i.e., the gm/gs ratio), with stomatal traits and
distribution as well as with mesophyll anatomical properties (Galmés et al., 2011, 2013;
Fullana-Pericas et al., 2017; Conesa et al., 2020). Besides the gas-exchange perspective,
drought also induced changes in the foliar structure and in leaf water relations parameters,
particularly, in the leaf mass per area (LMA) and in the bulk modulus of elasticity (&)
(Galmésetal., 2011). However, the existence of other strategies which could distinctively
affect the physiological performance of tomato LSL and nLSL genotypes subjected to
water deficit stress are still unknown (Conesa et al., 2020).

Recent studies have demonstrated that modifications in cell wall composition
determined photosynthesis performance, leaf water relations and/or anatomical
adjustments in different species subjected to contrasting abiotic conditions such as water
deprivation (Clemente-Moreno et al., 2019, Roig-Oliver et al., 2020a; Roig-Oliver,
Nadal, Bota, & Flexas, 2020b; Roig-Oliver, Nadal, Clemente-Moreno, Bota, & Flexas,
2020c). From their results, it has been shown that each species presented changes in gm,
¢ and cell wall thickness (Tcw) which were differently related to modifications in specific
cell wall compounds, suggesting that these relationships could be species-specific (Flexas
etal., 2021). Nevertheless, to the best of our knowledge, only the study by Ye et al. (2020)
evaluated how changes in cell wall composition influenced gm and Tew in distinct
genotypes of the same species. Particularly, they did not find correlations among these
parameters analysing eight rice genotypes subjected to well-watering conditions.
However, grasses present a very characteristic cell wall composition within angiosperms
(Carpita, 1996; Carpita & McCann, 2002), which makes their results difficult to
extrapolate to other species. Since water deprivation affects cell wall composition (Sweet,
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Morrison, Labavitch, & Matthews, 1999; Tenhaken, 2015; Rui & Dinnery, 2019;
Clemente-Moreno et al., 2019; Nadal, Roig-Oliver, Bota, & Flexas, 2020; Roig-Oliver et
al., 2020a,b,c) and induces changes in photosynthesis, leaf water relations and anatomical
characteristics even at genotype level (Galmés et al., 2011, 2013; Fullana-Pericas et al.,
2017, 2019), we tested a tomato LSL with a nLSL genotype subjected to distinct levels
of water shortage. Additionally, a recovery treatment was applied to separate the
commonly proportional responses between gs and gm (Flexas et al., 2013) to exclusively
connect cell wall, anatomic and elastic modifications to gm. Thus, our hypothesis is that
cell wall thickness and composition change more plastically in the LSL genotype in
response to distinct water availability treatments, differentially determining gm, € and Tew

in both genotypes.

Materials and methods

Plant material selection and preparation

Tomato genotypes selection was based on their leaf morphology and growth type since
these traits influence their physiological performance (Galmés et al., 2011). The ‘Ailsa
Craig’ genotype was used as nL.SL genotype, whilst a ‘de Ramellet’ genotype (accession
UIB1-28 according to the University of the Balearic Islands seed bank code) was
employed as LSL genotype. Whilst seeds of nLSL genotype were kindly provided by Dr
Eva Dominguez (EELM-CSIC, Malaga), LSL seeds were obtained from the University
of the Balearic Islands seed bank. Both genotypes presented indeterminate growth and
the common divided tomato leaf morphology.

Following Fullana-Pericas et al. (2019), an antiviral treatment was addressed to
all seeds before the sowing. They were submerged in a 10% sodium triphosphate solution
for 3 h to be subsequently cleaned with distilled water. Then, seeds were submerged in a
30% commercial bleach solution for 1 h, they were washed again with distilled water and
they were air-dried at room temperature for 24 h. Seeds were kept in a hermetic container

filled with silica gel for, at least, 24 h before been placed in an oven at 70°C for 24 h.

Growth conditions and experimental design

After the application of the antiviral treatment, seeds were sown individually in water-
irrigated 3 L pots containing a substrate mixture of peat and perlite (3:1, v/v). All pots
were placed in a growth chamber at 25°C receiving 300 pmol m s photosynthetic

photon flux density (PPFD) for 12 h followed by 12 h of darkness. Pots were daily
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monitored to be watered to 100% field capacity (FC) by replacing evapo-transpired water,
receiving Hoagland’s solution 50% once a week. Twenty-eight days after the sowing —
when all plants presented, at least, 3-4 fully developed leaves—, four treatments were
established: (i) control (CL, i.e., without stress), (ii) short-term water deficit stress at 40%
FC (ST 40% FC), (iii) short-term water deficit stress at 30% FC (ST 30% FC) and (iv)
short-term water deficit stress at 30% FC followed by a recovery (ST 30% FC-Rec). Five
individual replicates per genotype were randomly subjected to each treatment. Control
plants were always maintained at 100% FC. For other treatments, a cessation of water
irrigation was imposed until reaching 40% FC (ST 40% FC) or 30% FC (ST 30% FC and
ST 30% FC-Rec). Once a specific FC was reached —near after 6 days for ST 40% FC and
9 days for ST 30% and ST 30%-Rec—, it was maintained. ST 30% FC-Rec was identical
to ST 30% FC treatment, but a 2-days recovery until reaching 100% FC was applied. In
all cases, plants water status was monitored every day weighing the pots to be maintained
at a specific FC by replacing evapo-transpired water. All measurements were performed

when plants were 40-days old.

Plants water status

The pre-dawn and the midday leaf water potentials (Wpd and Wma, respectively) of each
plant were determined in fully developed leaves using a pressure chamber (Model 600D;
PMS Instrument Company, Albany, OR, USA). Additionally, those leaves used to
determine Wmg were employed for the leaf relative water content (RWC) estimation. Thus,
leaves were immediately weighted after measuring the Wmq, obtaining the fresh weight
(FW). Afterward, they were rehydrated overnight in distilled water under darkness at 4°C.
The next morning, leaves were weighted to determine the turgid weight (TW). Finally,
they were placed in an oven at 70°C for, at least, 72 h to obtain the dry weight (DW).

From these measurements, RWC was calculated as:

Foliar structure
Those leaves used to determine Wmg and RWC were also employed to estimate the leaf
mass per area (LMA) and the leaf density (LD). Thus, when leaves were rehydrated, they

were photographed to calculate the leaf area with Image) software (Wayne
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Rasband/NIH). Additionally, leaves thickness was estimated from five measurements per
leaf avoiding main veins with a digital caliper. Whilst LMA was calculated from the

relationship between DW and leaf area, LD was estimated as thickness per area.

Gas exchange and fluorescence measurements

A fully developed leaf per plant (second or third from the apex) was chosen to perform
gas exchange and chlorophyll a fluorescence measurements using an infrared gas
analyser coupled with a 2 cm? fluorometer chamber (Li-6400-40; Li-Cor Inc., Lincoln,
NE, USA). The block temperature was kept at 25°C, the vapour pressure deficit (VPD) at
around 1.5 kPa, the air flow rate at 300 pmol air min, the light-saturating photosynthetic
active radiation (PAR) at 1500 pmol m2s* (90-10% red-blue light) and the CO, ambient
concentration (C,) at 400 umol CO, mol™ air. When steady-state conditions were achieved
(usually after 15-20 minutes), measurements for net CO. assimilation (An), stomatal
conductance (gs), CO2 concentration at the sub-stomatal cavity (Ci) and steady-state
fluorescence (Fs) were registered in the gas exchange system. Then, a saturating light
flash was applied to obtain the maximum fluorescence (Fm’). From these values, the real
quantum efficiency of photosystem Il (®psi) was recorded. According to Valentini,
Epron, Angelis, Matteucci, & Dreyer (1995), light curves under non-photorespiratory
conditions (1% Oz) were performed for the electron transport rate (ETR) calculation. The
light respiration (Riight) was calculated as half the dark-adapted mitochondrial respiration
after plants exposition to darkness for 30 minutes (Niinemets, Cescatti, Rodeghiero, &
Tosens, 2005). With previous values, mesophyll conductance (gm) was calculated as
described in Harley, Loreto, Di Marco, & Sharkey (1992) using the tomato value for the
CO. compensation point in the absence of respiration (7*) reported by Hermida-Carrera,
Kapralov, & Galmés (2016).

Photosynthesis limitations analysis

Photosynthesis limitations were estimated following Grassi & Magnani (2005). On one
hand, absolute stomatal (ls), mesophyll (Im) and biochemical (lp) limitations were
calculated per each genotype and treatment. Additionally, relative stomatal (SL),
mesophyll (ML) and biochemical (BL) contributions to dA/A from a control to a water
deficit stress state and during recovery were calculated assuming that the maximum An

per genotype corresponded to that measured under control conditions.
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Anatomical characterization

At the end of gas exchange performance, small portions of those leaves enclosed in the
IRGA cuvette were cut avoiding main veins. They were fixed under vacuum pressure
with a glutaraldehyde 4% and paraformaldehyde 2% solution prepared in a 0.01 M
phosphate buffer (pH 7.4). Then, samples were post-fixed for 2 h in 2% buffered osmium
tetroxide to be dehydrated by a graded ethanol series. Obtained pieces were embedded in
LR resin (London Resin Company) and were placed in an oven at 60°C for 48 h (Tosens,
Niinemets, Vislap, Eichelmann, & Castro-Diez, 2012; Tomas et al., 2013).

Semi-fine and ultra-fine (0.8 um and 90 nm, respectively) cross sections were cut
with an ultramicrotome (Leica UC6, Vienna, Austria). Semi-fine cross sections were dyed
with 1% toluidine blue to be photographed at 200X magnifications with a digital camera
(U-TVO.5XC; Olympus, Tokyo, Japan) coupled with an Olympus BX60 optic
microscope. From these pictures, leaf thickness (Tiesr), mesophyll thickness (Tmes), and
fraction of mesophyll intercellular air spaces (fis) were calculated. Ultra-fine cross
sections were contrasted with uranyl acetate and lead citrate to be photographed at 1500X
and 30000X magnifications with a transmission electron microscopy (TEM H600;
Hitachi, Tokyo, Japan). Pictures at 1500X magnifications were used to calculate
chloroplasts thickness (Tcn), chloroplasts length (Lcni), mesophyll and chloroplasts
surface area exposed to intercellular air spaces per leaf area (Sm/S and S¢/S, respectively)
and the S¢/Sm ratio. From pictures at 30000X magnifications, the cell wall thickness (Tcw)
was calculated. Following Thain (1983), a cell curvature correction factor was determined
performing an average length-width ratio of 5 cells per mesophyll type (palisade or
spongy). Values for all parameters were averaged from 10 measurements addressed in
randomly selected cell structures using ImageJ. Finally, gm was calculated based on

anatomical particularities according to Tomas et al. (2013).

Pressure-volume curves

A fully developed leaf per plant adjacent to that employed for gas exchange
measurements was chosen to perform pressure-volume (P-V) curves. Entire leaves
(including the petiole) were cut to be rehydrated in distilled water under darkness
overnight. The next morning, leaves water potential was measured with a pressure
chamber (Model 600D; PMS Instrument Company), being subsequently weighted. From
P—V curves, the leaf water potential at turgor loss point (Wup), the relative water content

at turgor loss point (RWCup), the leaf osmotic potential at full turgor (mo), the bulk
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modulus of elasticity (€), the apoplastic water fraction (as), and the leaf area specific
capacitance at full turgor (C*#) were calculated (Sack, Cowan, Jaikumar, & Holbrook,
2003; Sack & Pasquet-Kok, 2011).

Cell wall extraction and fractionation

The same leaves employed for gas exchange measurements were kept under darkness
overnight to minimize starch accumulation. The following morning, around 700 mg of
fresh foliar tissue per plant were cut in small portions to be boiled until bleached in
screwed-capped tubes filled with absolute ethanol. Then, they were cleaned twice with
acetone >95% to obtain the alcohol insoluble residue (AIR), an approximation of the total
isolated cell wall material. AIRs were dried at room temperature and an a-amylase
digestion was addressed to remove starch remains. Then, 3 analytical replicates of each
AIR weighting 3 mg, approximately, were hydrolysed with 2 M trifluoroacetic acid
(TFA) at 121°C. After 1 h, samples were centrifuged obtaining an aqueous supernatant
and a pellet. Whilst supernatants were directly employed for hemicelluloses and pectins
quantifications, pellets were cleaned twice with distilled water and acetone >95% to
eliminate TFA residues. The dry pellet (i.e., cellulose) was hydrolysed with 200 pl
sulphuric acid 72% (w/v) for 1 h, diluted to 6 ml with distilled water and heated at 121°C
until degradation. Cellulose and hemicelluloses quantifications were performed by the
phenol-sulphuric acid colorimetric procedure (Dubois, Gilles, Hamilton, Rebers, &
Smith, 1956). Samples absorbance was read at 490 nm and cellulose and hemicelluloses
contents were calculated interpolating samples values from a glucose calibration curve.
Pectins quantification was addressed by the colorimetric method of Blumenkrantz &
Asboe-Hansen (1973) using 2-hydroxybiphenil as a reagent. Samples absorbance was
read at 520 nm and pectins content was estimated interpolating samples values from a
galacturonic acid calibration curve. A Multiskan Sky Microplate spectrophotometer
(ThermoFisher Scientific) was employed in all cases.

Statistical analysis

Prior to perform statistics, Thompson test was used to detect and eliminate outliers in the
database. Then, two-way analysis of variance (ANOVA) with subsequent LSD test was
addressed to identify statistically significant (P<0.05) “genotypes”, “treatments” and
“genotypes:treatments” effects. Also, Pearson’s correlation matrices were performed in

each genotype to find correlations between all tested parameters, being significant and
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highly significant when P<0.05 and P<0.01, respectively. Finally, linear regressions
between photosynthetic, leaf water relations, anatomical and cell wall composition
parameters were fitted using mean values per genotypes and treatments. All these

analyses were done with R software (ver. 3.2.2; R Core Team, Vienna, Austria).

Results

Plants water status

Both genotypes presented non-significant differences for Wpq between CL and ST 40%
FC (Table 1). However, an almost 4-fold decrease was detected under ST 30% FC in both
cases (Table 1). Although the nLSL genotype presented significant Wmq reductions under
ST 40% FC as compared to CL (-0.96 £ 0.03 and -0.40 £ 0.01 MPa, respectively), these
declines were only significant under ST 30% FC in the LSL (Table 1). Despite that RWC
reductions were only significant under ST 30% FC in the nLSL genotype, it was
progressively reduced during the imposition of water deficit stress treatments in the LSL
(Table 1). Remarkably, RWC reduction under ST 30% FC was much larger in the nLSL
genotype than in LSL (Table 1). In all cases, both genotypes restored previous parameters
to CL values after ST 30% FC-Rec (Table 1).

Pressure-volume curves

In both genotypes, decreasing in Wy, was specifically attributed to treatments effect,
achieving the lowest values under ST 30% FC (Fig. 1A). Whereas recovery almost
restored Wyp to CL in the LSL, it remained significantly lower in the nLSL (-0.62 + 0.02
and -0.53 + 0.03 MPa; Fig. 1A). RWCyp gradually increased after the application of water
shortage treatments, being almost restored to CL in both genotypes upon recovery (Fig.
1B). Notice that, despite the previously mentioned difference regarding RWC in both
genotypes under ST 30% FC, both were below the wilting point according to RWCp
values (Table 1, Fig. 1B). Although the pattern for m, resembled that of Wup, both
genotypes achieved similar values under ST 30% FC-Rec, remaining significantly lower
than under CL (-0.45 = 0.04 and -0.44 + 0.03 MPa for nLSL and LSL, respectively; Fig.
1C). Concerning &, ST 30% FC imposition increased 28% and 81% leaves rigidity in
nLSL and LSL genotypes, respectively, as compared to CL (Fig. 1D). Even though
recovery restored € to CL in the nLSL, it rested slightly enhanced in the LSL (6.93 + 2.61
MPa; Fig. 1D). The nLSL genotype significantly increased as in all tested conditions in

comparison to CL, whilst it was similarly maintained across all treatments in the LSL
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(Fig. 1E). A significant C* decrease from 2.32 + 0.40 to 1.21 + 0.05 mol H,O m? MPa™!
was observed in the LSL genotype under ST 30% FC in comparison to CL, resting almost
similar to ST 30% FC upon recovery (Fig. 1F). However, C*# was almost maintained

across all tested conditions in the nLSL genotype (Fig. 1F).

Photosynthetic characterization

The highest An was found in the LSL genotype under CL (20.23 + 0.17 pmol CO2 m?s’
1, being followed by the nLSL under the same condition (17.64 + 0.86 pmol m2s*; Fig.
2A). ST 40% FC promoted An declines of around 67% and 60% in nLSL and LSL,
respectively, in comparison to CL (Fig. 2A). Nonetheless, both genotypes reached similar
An under ST 30% FC (1.18 + 0.09 and 1.61 + 0.21 pmol CO2 m?s™ for nLSL and LSL,
respectively) and upon recovery, remaining significantly lower than under CL (Fig. 2A).
Both genotypes achieved similar gs under ST 40% FC and ST 30% FC, the latter
representing 97% CL reductions (Fig. 2B). Even though gsdid not reach CL values under
ST 30% FC-Rec, the LSL genotype exhibited larger gsthan the nLSL under this condition
(0.32+0.02 and 0.20 + 0.01 mol CO, m2s%; Fig. 2B). Although both genotypes presented
similar WUE; under CL, the nLSL reached the highest under ST 40% FC (109.21 + 8.82
umol CO, mol™* H,0; Fig. 2C). However, the LSL progressively enhanced WUE; during
the application of water shortage treatments, reaching the largest value under ST 30% FC
(125.04 + 8.50 pmol CO2 mol™? H0; Fig. 2C). The LSL restored WUEi to CL upon
recovery, whereas it rested significantly larger than CL in the nLSL (61.42 £+ 2.00 and
43.63 + 0.82 umol CO2 mol™ H,0; Fig. 2C). The nLSL genotype presented the highest
gm under CL (0.24 + 0.02 mol CO2 m?s™), which was almost 2-fold larger than that of
LSL under the same condition (Fig. 2D). Also, the nLSL showed 54% and 95% lower gm
than CL under ST 40% FC and ST 30% FC, respectively (Fig. 2D). However, in the LSL,
Om reductions were only found under ST 30% FC, representing 5-fold larger gm than that
of the nLSL under the same condition (Fig. 2D). Whilst ST 30% FC-Rec restored gm to
CL in the LSL genotype, it rested similarly to FC 40% FC in the nLSL (Fig. 2D). The
largest ETR was detected in the LSL under CL (198.50 + 14.14 pmol m2s?), being
followed by the nLSL under this condition (140.27 + 9.07 pumol m? s; Fig. 2E).
Nonetheless, water deficit stress treatments significantly reduced ETR in both genotypes,
reaching the lowest values under ST 30% FC (40.40 + 2.17 and 45.05 + 0.18 pmol m?s’
! for nLSL and LSL, respectively; Fig. 2E). Although recovery almost restored ETR to
CL in the nLSL genotype, declines of around 40% were detected in the LSL (Fig. 2E).
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Whilst LSL genotype presented the largest Riight under CL (1.43 + 0.07 pmol CO, m?2s°
1y, it decreased due to water shortage treatments in both genotypes, reaching the lowest
value in the nLSL under ST 30% FC (0.71 % 0.15 pmol CO, m?s; Fig. 2F). Recovery
restored Riignt to CL value in the nLSL, but it rested significantly lower in the LSL (Fig.
2F).

Photosynthesis limitations analyses are found in Table 2. Whilst I was the main
photosynthesis absolute limitation in the nLSL genotype under CL, both In and Ip
similarly co-limited An in the LSL. Under ST 40% FC and upon recovery, only I, limited
photosynthesis in both genotypes. Although Im was the main photosynthesis limitation in
the nLSL genotype under ST 30% FC, Is and I, co-limited An in the LSL. Concerning
relative limitations contribution to dA/A, SL and BL co-limited An under ST 40% FC in
both genotypes. However, under ST 30% FC, only ML limited photosynthesis in the nLSL
genotype, whereas SL was the main photosynthetic determinant in the LSL. Upon
recovery, An was similarly co-limited by ML and BL in both genotypes.

Cell wall composition characterization

Differences in leaf cell wall composition were mainly attributed to genotypes effect
(Table 3). The highest AIR amount was detected in the LSL genotype under CL, whereas
the lowest were found in the nLSL across all conditions (Table 3). Although nLSL
genotype presented larger cellulose than LSL, slightly higher amounts of hemicelluloses
were detected in the LSL across all tested conditions as compared to the nLSL, especially
under CL (Table 3). Finally, pectins were the unique cell wall component presenting
significant differences due to genotypes and treatments effects as well as in the interaction
term (Table 3). Whereas a tendency to increase pectins content was found in both
genotypes when applying water deprivation, larger pectins quantity was observed in the
nLSL genotype (Table 3). Upon recovery, pectins were similarly maintained to water
shortage treatments in nLSL genotype, whilst they remained significantly higher than CL
in the LSL (Table 3).

Foliar structure and anatomical characterization

Concerning foliar structure, LMA changes were exclusively attributed to a genotype
effect since LSL presented slightly larger values than the nLSL (Table 4). However, no
significant differences were found for LD (Table 4). Regarding anatomical

characterization from semi-fine cross sections, both genotypes presented the largest Tieat
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under CL, being slightly higher in the LSL (238.03 + 3.77 um; Table 4). Although Tiea
was gradually reduced in the nLSL genotype due to water shortage application, the lowest
value in the LSL was observed under ST 40% FC (187.66 = 5.27 um; Table 4). Upon
recovery, Tieaf rested 20% and 12% lower than under CL in nLSL and LSL, respectively
(Table 4). A similar pattern was found for Tmes (Table 4). Finally, only a significant
genotype effect was detected for fias since the nLSL presented larger porosity than the
LSL (Table 4). In relation to the analysis of ultra-fine cross sections, water deprivation
treatments and ST 30% FC-Rec promoted declines in Tch and Lcnas compared to CL in
both genotypes (Table 5). Also, water deficit stress reduced Sw/S and S¢/S in both
genotypes, being almost restored to CL upon recovery in the LSL (Table 5). Instead, ST
30% FC-Rec presented even lower Sm/S and S¢/S than water shortage treatments in the
nLSL (Table 5). Both genotypes exhibited the largest S¢/Sm under CL (Table 5). Although
nLSL achieved the lowest Sc/Smunder ST 40% FC, it was gradually reduced during water
deprivation in the LSL (Table 5). Upon recovery, S¢/Smwas almost restored to CL in the
nLSL, whilst it rested significantly lower in the LSL (Table 5). Changes in Tcw were
exclusively attributed to treatments effect (Table 5). Even though water shortage
treatments decreased Tcw in the LSL genotype, it was maintained to CL in the nLSL
(Table 5). Nonetheless, whereas the CL value was almost restored upon recovery in the
LSL genotype, Tcw increased in the nLSL under the same condition (Table 5). Finally, the
statistical analysis performed for gm estimation based on anatomical measurements
revealed that only the treatment effect was significant since gm significantly decreased
under water deficit stress as well as upon recovery in comparison to CL in both genotypes
(Table S1).

Relationships between parameters

Correlations between all tested parameters for each genotype are found in Tables S2 and
S3. Notoriously, despite non-significant correlations were detected between
photosynthetic, leaf water relations, sub-cellular anatomic and cell wall composition
parameters in the nLSL genotype, significant relationships were observed for the LSL
(Figs. 3 and 4). Hence, whilst gm correlated positively with the
(Cellulose+Hemicelluloses)/Pectins ratio (R?=0.99, P<0.01, Fig. 3A), a negative
relationship with ¢ was found (R?=0.97, P=0.01, Fig. 3B). In turn, ¢ and the
(Cellulose+Hemicelluloses)/Pectins ratio were linked negatively (R?=0.95, P=0.02, Fig.
3C). Positive correlations between gm and S¢/S and Tew Were detected (R?=0.92, P=0.03,
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Fig. 4A and R?=0.99, P<0.01, Fig. 4B, respectively). Although ¢ and S¢/S were non-
significantly linked (Fig. 4C), a negative relationship between ¢ and Tcw was observed
(R?=0.95, P=0.02, Fig. 4D). Finally, a positive relationship between S¢/S and the
(Cellulose+Hemicelluloses)/Pectins ratio was found (R?=0.94, P=0.02, Fig. 4E), as well
as for Tew and the (Cellulose+Hemicelluloses)/Pectins ratio (R?=0.99, P<0.01, Fig. 4F).
Regarding those significant correlations exclusively detected in the nLSL genotype, gm
was linked negatively with LMA (R?=0.98, P<0.01, Fig. 5A). However, positive
relationships between gm and Tiear and Tmes Were found (R?=0.92, P=0.03, Fig. 5C and
R?=0.97, P=0.01, Fig. 5D, respectively).

Discussion
Water shortage is recognized as one of the most important abiotic stresses affecting plants
physiological performance (Flexas et al., 2004; Chaves et al., 2009; Nadal & Flexas,
2019). In fact, changes in leaf water relations —particularly, osmotic and elastic
adjustments— usually occur under water deficit stress (Lu Gullo & Salleo, 1988; Abrams,
1990; Kubiske & Abrams, 1991; Galmés et al., 2011; Bartlett, Scoffoni, & Sack, 2012;
Turner, 2018; Nadal et al., 2020; Xiong & Nadal, 2020). In our study, we detected mo
declines in both genotypes once subjected to water deprivation, as commonly described
(Lu Gullo & Salleo, 1988; Abrams, 1990; Kubiske & Abrams, 1991; Bartlett et al., 2012;
Turner, 2018; Nadal et al., 2020). Although both genotypes presented similar =,
reductions under water shortage, elastic modifications were of higher relevance in the
LSL (Fig. 1), allowing to keep much larger RWC under ST 30% FC than in the nLSL.
Nonetheless, RWC values under this condition were below the RWCyp in both genotypes.
In fact, € adjustments occurring under water deficit stress are variable (see, for instance,
Sobrado & Turner, 1983; Lo Gullo & Salleo, 1988; Bartlett et al., 2012; Nadal et al.,
2020; Roig-Oliver et al., 2020a,b,c), suggesting that they could be species-dependent.
Furthermore, Galmés et al. (2011) reported genotype-dependent elastic adjustments
testing well-watered and water-stressed nLSL and LSL tomato genotypes. Whilst they
demonstrated that most of the analysed genotypes increased leaves rigidity (i.e., higher €)
during water deprivation probably to avoid excessive water losses (Bartlett et al., 2012),
€ was not modified in others. Hence, our results provide further evidence on the genotype-
dependent elastic adjustments occurring in tomato genotypes (Fig. 1).

Besides modifications in leaf water relations, the application of treatments

differing in their water availability also promoted distinct photosynthetic responses in the
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tested genotypes (Fig. 2). Under CL conditions, the LSL genotype achieved larger An
than the nLSL because of enhancements in both gs and ETR even when presenting lower
gm. This photosynthetic behaviour in the LSL genotype was linked to a co-balanced
photosynthesis limitation attributed to similar I and Iy, whereas in the nLSL genotype
only Ip mainly limited Ax (Table 2). In fact, Nadal & Flexas (2019) highlighted that
enhancements in biochemical processes rather than only increasing gm could improve
significantly An in well-watered crops. Even though both genotypes reduced gs to the
same extend under ST 40% FC, the LSL presented lower ETR reductions than the nLSL.
Also, the LSL maintained gm close to CL value, whereas significant declines were
observed in the nLSL. These different photosynthetic adjustments occurring in both
genotypes promoted that the LSL achieved larger An than the nLSL under ST 40% FC.
Although both genotypes exhibited similar An, gs and ETR under ST 30% FC, the LSL
presented larger WUE; than the nLSL because of lower gm declines. Overall, these
different photosynthetic adjustments allowed the LSL genotype to achieve higher An
under CL and to increase WUE; under both water deficit stress treatments, being linked
to less variable gm across experimental conditions as compared to the nLSL. Nonetheless,
similar photosynthetic enhancements were observed in both genotypes after ST 30% FC-
Rec, which were mostly driven by gs increasing. However, the full recovery of gs and An
was not achieved (Fig. 2).

Recent studies have demonstrated that changes in cell wall composition during
abiotic stresses application regulate gm and/or & adjustments in a species-specific way
(Clemente-Moreno et al., 2019; Roig-Oliver et al., 2020a,b,c). However, here we show
for the first time that the involvement of cell wall composition determining these
functional traits differently occur even when comparing genotypes of the same species,
being mainly attributed to changes in pectins relative proportion (Fig. 3). In fact, pectins
are thought to be of crucial relevance maintaining an appropriated degree of cell wall
hydration during water shortage (Tenhaken, 2015; Rui & Dinnery, 2019). Moreover,
modifications in their amounts are probably accompanied by changes in their
physicochemical structure and in their enzymatic performance, which could potentially
influence elasticity, thickness and porosity, key traits affecting gm (Flexas et al., 2021).
Besides the relevance of cell wall composition, sub-cellular anatomical traits —
specifically, Tew and S¢/S— also determined gm from a species-dependent perspective
during acclimation to distinct environmental stresses (Hanba, Kogami, & Terashima,
2002; Tholen et al., 2008; Tosens et al., 2012; Galmés et al., 2013). Here, we show that
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the correlations between gm and S¢/S and Tcw differently occurred at genotype level (Figs.
4A, B), as similarly happened with those between ¢ and S¢/S and Tew (Figs. 4C, D).
Particularly, they were only significant for the LSL genotype, which increased gm and
reduced € while enhancing Tcw, contradicting that thicker cell walls impose a resistance
for CO> diffusion (Gago et al., 2019; Flexas & Carriqui, 2020) and imply more rigid
leaves (Peguero-Pina, Sancho-Knapik, & Gil-Pelegrin, 2017; Nadal, Flexas, & Gulias,
2018). However, we speculate that the LSL experimented Tcw reductions during water
deprivation which were accompanied by dynamic changes in cell wall composition —
specifically, increased pectins— that enabled to partially maintain gm. This may represent
a case of fine anatomical-physiological plasticity that allows for increasing WUE:;.
Instead, the nLSL similarly maintained Tcw and cell wall composition across treatments,
promoting strong gm declines once subjected to water shortage which were attributed to
changes in foliar traits and to supra-cellular anatomy, particularly, enhancements in LMA
and reductions in Tiear and Tmes (Fig. 5). These results suggest that the nLSL genotype
adjusted gm by supra-cellular adjustments and/or because of mesophyll collapse due to
very large depression in RWC (Table 1). Actually, the latter is more compatible with the
fact that it seems a collapse more than a regulation in the sense that nLSL plants decreased
photosynthesis as well as WUE;. Nevertheless, since different gm values were obtained
from fluorescence and anatomical measurements (Table S1), we cannot discard that other
traits not studied here such as aquaporins or carbonic anhydrases could be involved in gm
regulation across experimental conditions, as already observed during water deprivation
(Pérez-Martin et al., 2014). However, even in this case, it appears that LSL plants
achieved larger benefits —at least, at leaf level- from their regulation syndrome than nLSL
ones.

To the best of our knowledge, this study demonstrates for the first time that the
relationship between cell wall composition and physiological behaviour in plants
subjected to distinct water regimes is genotype-dependent within a single and thoroughly
selected crop species. Whilst the LSL genotype maintained gm within a narrow range
across experimental conditions due to elastic, sub-cellular anatomic and cell wall
composition adjustments, the nLSL experienced large gm variations that were linked to
changes in foliar traits as well as in supra-cellular anatomical characteristics. Since both
genotypes exhibited contrasting responses for most of the analysed parameters, we

suggest that cell wall composition modifications occurring in the LSL might be crucial
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during their adaptation to drought environments and could sustain their productivity

under the climate change scenario.
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Table 1. Plants water status of tomato non-long shelf-life (nLSL) and long shelf-life
(LSL) genotypes subjected to different conditions (control, CL; short-term water deficit
stress at 40% FC, ST 40% FC; short-term water deficit stress at 30% FC, ST 30% FC;
short-term water deficit stress at 30% FC followed by recovery, ST 30% FC-Rec). Mean
values = SE are shown for pre-dawn leaf water potential (Wpa), midday leaf water potential
(Wma) and leaf relative water content (RWC). Genotypes (G) and treatments (T) effects
were quantified by two-way ANOVA and differences between groups were addressed by

LSD test. n =5 in all cases.

Genotypes Yhd Ymd RWC

and treatments (MPa) (MPa) (%)

nLSL — CL -0.24 +0.01° -0.40 + 0.01° 86.51 + 0.05%
nLSL — ST 40% FC -0.43 £ 0.02° -0.96 + 0.03" 82.07 + 2.63%®
nLSL — ST 30% FC -0.89 £0.19° -1.34 +0.22° 57.37 +5.12¢

nLSL — ST 30% FC-Rec  -0.32 + 0.00? -0.43 £ 0.01° 84.24 + 1.20%
LSL —CL -0.31 +£0.03° -0.42 +0.022 88.33+0.322

LSL — ST 40% FC -0.42 +0.022 -0.54 + 0.05° 80.48 + 2.01°

LSL — ST 30% FC -1.05 + 0.09° -1.30 + 0.05° 70.22 + 2.86°

LSL — ST 30% FC-Rec  -0.26 + 0.02? -0.43 £ 0.022 84.36 + 1.73%®
G 0.628 0.045 0.046

T <0.001 <0.001 <0.001

GT 0.588 0.071 0.040
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Fig. 1. Leaf water relations of tomato non-long shelf-life (nLSL) and long shelf-life (LSL)
genotypes subjected to different conditions (control, CL; short-term water deficit stress
at 40% FC, ST 40% FC; short-term water deficit stress at 30% FC, ST 30% FC; short-
term water deficit stress at 30% FC followed by recovery, ST 30% FC-Rec). (A) Water
potential at turgor loss point (Wup), (B) relative water content at turgor loss point (RWCtp),
(C) osmotic potential at full turgor (o), (D) bulk modulus of elasticity (), (E) apoplastic
water fraction (af), and (F) leaf area specific capacitance at full turgor (C*#). Genotypes
(G) and treatments (T) effects were quantified by two-way ANOVA and differences
between groups were addressed by LSD test. Different superscript letters indicate
significant differences. Significance: *** P<0.001; ** <0.01; * <0.05; "™ >0.05. Values

are means + SE (n =5).
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Fig. 2. Photosynthetic characterization of tomato non-long shelf-life (nLSL) and long
shelf-life (LSL) genotypes subjected to different conditions (control, CL; short-term
water deficit stress at 40% FC, ST 40% FC; short-term water deficit stress at 30% FC, ST
30% FC; short-term water deficit stress at 30% FC followed by recovery, ST 30% FC-
Rec). (A) Net CO> assimilation (An), (B) stomatal conductance (gs), (C) intrinsic water
use efficiency (WUE;), (D) mesophyll conductance (gm), (E) electron transport rate (ETR)
and (F) light respiration (Riight). Genotypes (G) and treatments (T) effects were quantified
by two-way ANOVA and differences between groups were addressed by LSD test.

Different superscript letters indicate significant differences. Significance: *** P<0.001;
** <0.01; * <0.05; "™ >0.05. Values are means + SE (n = 5).
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Fig. 3. (A) Relationship between mesophyll conductance (gm) and the
(Cellulose+Hemicelluloses)/Pectins  ratio, (B) relationship between mesophyll
conductance (gm) and the bulk modulus of elasticity (€) and (C) relationship between the
bulk modulus of elasticity (¢) and the (Celluloset+Hemicelluloses)/Pectins ratio. When
significant, discontinuous regression lines, regression square coefficients and
significances are shown for the LSL genotype. nLSL genotype values are represented by
black-filled points, whereas LSL genotype values are represented by white-filled points.
Dots, squares, rhombus, and triangles correspond to CL, ST 40% FC, ST 30% FC, and
ST 30%-Rec treatments, respectively. n =5 (means * SE).
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Fig. 4. Relationships between mesophyll conductance (gm) and (A) chloroplasts surface
area exposed to intercellular air spaces per leaf area (S¢/S) and (B) cell wall thickness
(Tew). Relationships between the bulk modulus of elasticity (¢) and (C) chloroplasts
surface area exposed to intercellular air spaces per leaf area (S¢/S) and (D) cell wall
thickness (Tcw). Relationships between (E) chloroplasts surface area exposed to
intercellular air spaces per leaf area (S¢/S) and (F) cell wall thickness (Tew) with the
(Cellulose+Hemicelluloses)/Pectins ratio. When significant, discontinuous solid
regression lines, regression square coefficients and significances are shown for the LSL
genotype. nLSL genotype values are represented by black-filled points, whereas LSL
genotype values are represented by white-filled points. Dots, squares, rhombus, and
triangles correspond to CL, ST 40% FC, ST 30% FC, and ST 30%-Rec treatments,
respectively. n =5 (means * SE).
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Fig. 5. Relationships between mesophyll conductance (gm) and (A) leaf mass pear area
(LMA), (B) leaf thickness (Tiear) and (C) mesophyll thickness (Tmes). When significant,
solid regression lines, regression square coefficients and significances are shown for the
nLSL genotype. nLSL genotype values are represented by black-filled points, whereas
LSL genotype values are represented by white-filled points. Dots, squares, rhombus, and
triangles correspond to CL, ST 40% FC, ST 30% FC, and ST 30%-Rec treatments,
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Supplementary Information

Table S1. Mesophyll conductance (gm) calculated from fluorescence and anatomical
measurements performed in tomato non-long shelf-life (nLSL) and long shelf-life (LSL)
genotypes subjected to different conditions (control, CL; short-term water deficit stress
at 40% FC, ST 40% FC; short-term water deficit stress at 30% FC, ST 30% FC; short-
term water deficit stress at 30% FC followed by recovery, ST 30% FC-Rec). Whilst
gm_fluorescence was calculated according to Harley et al. (1992), gm_anatomy was
estimated following Tomas et al. (2013). Mean values + SE values are shown. Genotypes
(G) and treatments (T) effects were quantified by two-way ANOVA and differences
between groups were addressed by LSD test. n =5 in all cases.

Genotypes gm_fluorescence gm_anatomy
and treatments (mol CO, m?s?) (mol CO; m?st)
nLSL — CL 0.24 +0.02 0.10 + 0.00?
nLSL — ST 40% FC 0.11 +0.01° 0.08 + 0.01°
nLSL — ST 30% FC 0.01 + 0.00¢ 0.08 + 0.00°
nLSL —ST 30% FC-Rec  0.11 +0.01° 0.06 + 0.00%
LSL —CL 0.13+0.01° 0.09 + 0.01%
LSL — ST 40% FC 0.09 + 0.02° 0.08 + 0.00°
LSL — ST 30% FC 0.05 +0.02° 0.08 + 0.00"
LSL — ST 30% FC-Rec 0.10 £0.01° 0.06 + 0.01¢
G 0.021 0.190

T <0.001 <0.001

G:T <0.001 0.574
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The use of mutant plants to elucidate the effect of specific cell

wall disruptions affecting photosynthesis

e Reduced photosynthesis in Arabidopsis thaliana atpmel17.2 and atpaell.1 mutants is
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Reduced photosynthesis in Arabidopsis thaliana atpmel7.2 and
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Introduction

The plant cell wall is a complex structure surrounding

The cell wall is a complex and dynamic structure that determines plants’
performance by constant remodeling of its compounds. Although cellulose
is its major load-bearing component, pectins are crucial to determine wall
characteristics. Changes in pectin physicochemical properties, due to pec-
tin remodeling enzymes (PRE), induce the rearrangement of cell wall com-
pounds, thus, modifying wall architecture. In this work, we tested for the
first time how cell wall dynamics affect photosynthetic properties in Arabi-
dopsis thaliana pectin methylesterase atpme17.2 and pectin acetylesterase
atpael 1.1 mutants in comparison to wild-type Col-0. Our results showed
maintained PRE activities comparing mutants with wild-type and no signif-
icant differences in cellulose, but cell wall non-cellulosic neutral sugars
contents changed. Particularly, the amount of galacturonic acid (GalA) -
which represents to some extent the pectin cell wall proportion — was
reduced in the two mutants. Additionally, physiological characterization
revealed that mutants presented a decreased net CO, assimilation (An)
because of reductions in both stomatal (g;) and mesophyll conductances
(gm)- Thus, our results suggest that atpme17.2 and atpaell.1 cell wall
modifications due to genetic alterations could play a significant role in
determining photosynthesis.

Traas 2016). It is mainly composed of cellulose microfi-
brils cross-linked to non-cellulosic polysaccharides,

plant cells that determines plant morphology by defining hemicelluloses. This network consisting of cellulose
cells’ shape and size due to the maintenance of an appro- ~ and hemicelluloses is embedded in a matrix of pectins,
priated turgor pressure (Cosgrove 2005, Ali and  another specific type of non-cellulosic polysaccharides

Abbreviations — AE, acetylesterase; Ay, net CO, assimilation; C;, CO, concentration at the sub-stomatal cavity; CWPE, cell wall
protein extract; DCW, dry cell wall; ETR, electron transport rate; fi,s, fraction of mesophyll intercellular air spaces; GalA, galac-
turonic acid; gn,,, mesophyll conductance; g, stomatal conductance; HG, homogalacturonans; Nsa, number of palisade layers;
PAE, pectin acetylesterase; PME, pectin methylesterase; PRE, pectin remodeling enzymes; RG-I, rhamnogalacturonan type 1;
RG-II, rhamnogalacturonan type 2; Rjignt, light respiration; Tie, lower epidermis thickness; Tiear, leaf thickness; Tyes, mesophyll
thickness; Ty, upper epidermis thickness; WUE;, intrinsic water use efficiency; XGA, xylogalacturonan.
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(Carpita and Gibeaut 1993, Carpita and McCann 2002,
Cosgrove 2005, Lampugnani et al. 2018). By constant
remodeling of its components and because of the action
of cell wall remodeling enzymes, the cell wall is a highly
dynamic structure for the synthesis of new polysaccha-
rides during cell elongation and differentiation and/or in
response to stress (Carpita and McCann 2002, Cos-
grove 2005, 2016, Tenhaken 2015, Hocq et al. 2017,
Kong et al. 2019, Rui and Dinnery 2019).

Although cell wall mechanical properties are often
related to the interaction between cellulose and hemicel-
luloses (Baskin 2005, Geitmann and Ortega 2009), the
importance of pectins physicochemical modifications in
determining cell wall traits during plants growth and in
response to biotic and abiotic stresses — for instance,
porosity, hydric status and elasticity — has also been dem-
onstrated (Cosgrove 2005, 2016, Pelloux et al. 2007,
Moore et al. 2008, Solecka et al. 2008, McKenna
et al. 2010, Gou et al. 2012, Palin and Geitmann 2012,
Turbant et al. 2016, Hocq et al. 2017, Kong et al. 2019,
Roig-Oliver et al. 2020). Pectins are complex non-
cellulosic polysaccharides rich in galacturonic acid
(GalA) that can be divided into four main polymers
according to their chemical structure: rhamnogalacturo-
nans types 1 and 2 (RG-I and RG-IlI, respectively), homo-
galacturonans (HG) and xylogalacturonan (XGA) (Caffall
and Mohnen 2009, Atmodjo et al. 2013). Although the
ratio between these polysaccharides depends on species,
tissues and plant developmental stages, HG are the most
abundant ones and consist in linear regions of up to
200  o-1,4-linked GalA residues (Carpita and
McCann 2002, Caffall and Mohnen 2009) secreted to
the cell wall in a highly methyl-esterified form (70-80%;
Pelloux etal. 2007, Guénin et al. 2017). Pectin methyles-
terases (PME, EC 3.1.1.11) are enzymes which remove
HG methyl groups (Pelloux etal. 2007, Turbantetal. 2016,
Guénin et al. 2017). Whilst low levels of PME activity
have been related to an increase of cell wall rigidity and
to alterations in seed germination, plant growth and repro-
duction (Parre and Geitmann 2005, Bosch and
Hepler 2005, Derbyshire et al. 2007, Pelletier et al. 2010,
Miilleretal. 2013, Leroux etal. 2015, Levesque-Tremblay
etal. 2015, Scheler et al. 2015, Turbant et al. 2016, Gué-
nin et al. 2017), enhanced PME activity could lead to cell
wall loosening (Peaucelle etal. 2008, 2011). On the other
hand, pectin acetylesterases (PAE, EC 3.1.1.6) control the
pectin acetylesterification status by regulating the degree
of GalA acetylation in both HG and RG-I residues, which
can also interfere with plants growth and development
(Gou et al. 2008, 2012, de Souza et al. 2014, de Souza
and Pauly 2015). However, little is still known regarding
the specific biological implications of different acetylation
degrees (Gou et al. 2012, de Souza et al. 2014, de Souza
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and Pauly 2015, Philippe et al. 2017). Thus, the action
of pectin remodeling enzymes (PRE) — which includes
PME and (P)AE activities — involves changes in pectins
physicochemical properties that confer them the ability
to rearrange the pectin matrix as well as to modify their
interaction between other cell wall compounds modifying
wall architecture, thickness and porosity (Cosgrove 2005,
Solecka et al. 2008, de Souza and Pauly 2015, Houston
et al. 2006, Turbant et al. 2016, Hocq et al. 2017, Kong
et al. 2019, Rui and Dinnery 2019). Some of these cell
wall characteristics, particularly thickness and porosity,
have actually been identified as key traits determining
mesophyll conductance (gy) and, thus, photosynthesis
(Terashima et al. 2001, Evans et al. 2009, Flexas
et al. 2012, Tomas et al. 2013, Carriqui et al. 2015,
2019, 2020, Tosens et al. 2016, Onoda et al. 2017,
Peguero-Pina et al. 2017, Veromann-Jiirgenson
et al. 2017). As these cell wall characteristics are likely
influenced by dynamic changes in its composition, cell
wall components rearrangements have been recently
shown to affect g, at an interspecific level under non-
stress conditions (Carriqui et al. 2020) and at an intraspe-
cific level in response to environmental stresses
(Clemente-Moreno et al. 2019, Roig-Oliver et al. 2020).
The use of mutants has demonstrated that cell wall
modifications could involve changes in photosynthesis.
Particularly, Ellsworth et al. (2018) tested Oryza sativa
mutants with disruptions in cell wall mixed-linkage glu-
can biosynthesis leading to slower growth and pheno-
typic disruptions such as thinner stems with reduced
flexibility. Additionally, Zhang et al. (2020) tested other
mutants of the same species in which cellulose microfi-
brils orientation was disrupted affecting plant growth
and photosynthesis as shown by a lower chlorophyll con-
tent. Although these studies demonstrate that cell wall
modifications alter photosynthesis, their results are diffi-
cultto extrapolate to the rest of angiosperms as monocots
present specific cell wall composition (Carpita and
McCann 2002, Pooper and Tuohy 2010, Serensen
et al. 2010). Thus, the use of Arabidopsis thaliana
L. (Heynh) as a model plant is more adequate for a better
understanding of how cell wall modifications affect pho-
tosynthesis. After the completion of its genome sequence
(Arabidopsis Genome Initiative 2000), Arabidopsis has
gained importance because it is relatively easy to gener-
ate mutants to study how specific genetic alterations
modify both biochemical and physiological processes.
Although Weraduwage et al. (2016) have already tested
A. thaliana mutants with alterations in pectin methyl-
transferases showing that they changed both PME activity
and photosynthesis, further information regarding other
relevant enzyme activities — such as pectin acetyles-
terases — is necessary for a better understanding of how
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cell wall dynamics can affect photosynthesis, especially
gm- Thus, we provide a study in which A. thaliana
atpmel7.2, a type | PME (Sénéchal et al. 2014), and
atpael1.1 (Philippe et al. unpublished) mutants were
tested for the first time in comparison to wild-type Col-0
in order to evaluate the role of cell wall composition
and PRE activities in determining photosynthetic
efficiency.

Materials and methods
Plant material and growth conditions

A. thaliana atpme17.2 (SALK_059908) and atpael1.1
(GK 505H02) mutants from wild-type Columbia (Col-
0) were isolated from SALK (SIGnAL, USA) and GABI
(CeBiTec, Germany) T-DNA insertion collections,
respectively, using gene-specific forward and reverse
primers and T-DNA left border specific primers
(Sénéchal et al. 2014, Philippe et al. unpublished data).
Whilst the T-DNA insertion was localized in the first
intron for atpme17.2, it was localized in the tenth for
atpaell.1. Twelve seeds of each studied genotype were
sown individually in horticultural alveolus with a sub-
strate mixture containing peat and perlite (3:1, v/v). Hor-
ticultural alveolus with plastic trays for sub-irrigation
were placed in a growth chamber at 22°C with 12/
12 h  light/darkness daily fluctuation receiving
200-250 pmol m™ s~! photosynthetic photon flux den-
sity (PPFD) and they were watered three times per week
with Hoagland solution 50%. Three weeks later, six
individual replicates per genotype were randomly
selected to be transplanted to individual pots filled with
the same substrate mixture following the ‘ice-cream
cone-like” method (Flexas et al. 2007a). Thus, plants
grew with their bases on the top of the ‘cone’, with their
rosette spreading downwards to facilitate gas-exchange
measurements. In all cases, plants were subjected to
these conditions for 40 days.

Gas-exchange and fluorescence measurements

Forty days after the sowing, a fully developed leaf per
plant from the third to last pair of the rosette was selected
for simultaneous gas-exchange and chlorophyll
a fluorescence (Chl a) measurements using an infrared
gas analyzer (IRGA) LI-6400XTR equipped with a fluo-
rometer (Li-6400-40; Li-Cor Inc.). Measurements were
performed from 09:00 to 15:00 h. Leaves were clamped
into a 2 cm” cuvette. The block temperature was kept at
25°C and the vapor pressure deficit (VPD) at around
1.5 kPa. Leaf steady-state conditions were induced at sat-
urating photosynthetic photon flux density (PPFD
1250 pmol m™ s™', 90-10% red-blue light) and
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400 pmol CO, mol™" air. The flow rate was fixed at
300 pmol air min~'. When steady-state conditions were
reached, An-C; curves were performed increasing ambi-
ent CO, concentrations (C,) from 50 to 1500 pmol CO,
mol™" air. Measurements for net CO, assimilation (Ax),
stomatal conductance (g), CO, concentration at the
sub-stomatal cavity (C;) and steady-state fluorescence
(F) were registered after the stabilization of the gas-
exchange rates in a given C, in a period comprised
between 180 and 240 s. Then, a saturating light flash
was applied to obtain the maximum fluorescence (F,,).
From these values, the real quantum efficiency of photo-
system Il (®pgy) was registered. All Ay-C; data was cor-
rected for CO, leakage in and out of the IRGA chamber
following Flexas et al. (2007b). Light curves under non-
photorespiratory conditions were assessed as described
in Valentini et al. (1995) to calculate the electron trans-
port rate (ETR). Light respiration (Rjign) was assumed as
half the dark respiration rate, determined after plants
exposure to full darkness for, at least, 20 min (Niinemets
et al. 2005). From all these parameters, mesophyll con-
ductance (g.) was calculated according to Harley
etal. (1992) using the value for CO, compensation point
in the absence of respiration (I'*) reported by Whitney
etal. (2011) for A. thaliana.

Anatomical measurements

After gas-exchange measurements, one randomly
selected plant per genotype was used to collect samples
for anatomy. Thus, small pieces of those leaves used for
gas-exchange measurements were cut avoiding main
foliar structures and were fixed under vacuum pressure
with glutaraldehyde 4% and paraformaldehyde 2% in a
0.01 M phosphate buffer (pH 7.4). Afterward, they were
post-fixed in 2% buffered osmium tetroxide for 2 h and
dehydrated by a graded ethanol series. Obtained pieces
were embedded in LR white resin (London Resin Com-
pany) and were placed in an oven at 60°C for 48 h
(Tomas etal. 2013, Carriqui etal. 2015, 2019). Semi-fine
(0.8 pm) cross-sections were cut with an ultramicrotome
(Leica RM2265, Leica Biosystems) and were stained with
toluidine blue 0.1% to be observed in bright field with a
light microscope (Nikon-Eclipse-90i). Pictures at x100
magnifications were taken to determine leaf thickness
(TLear), upper epidermis thickness (T ), lower epidermis
thickness (T ), mesophyll thickness (Tyes), number of
palisade layers (Npa;) and fraction of mesophyll intercel-
lular air spaces (f;,s). Values for all parameters were
obtained as an average of 10 measurements from ran-
domly selected cell structures using the Image] software
(Wayne Rasband/NIH).
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Cell wall composition

Sampling for cell wall analysis was performed in those
leaves adjacent to the one used for gas-exchange
measurements after leaving plants under dark condi-
tions overnight to minimize starch content. Around
0.5-1 g of fresh leaf tissue per plant were frozen in
liquid nitrogen, freeze-dried, ground to fine powder
in a ball mill and stored at —80°C. Plant cell wall
material was prepared from 10 mg of dry leaf powder
according to Pefa et al. (2004). Dry cell wall material
(DCW) was digested with a-amylase according to
Fleischer et al. (1999). Following Foster et al. (2010),
3 mg of each a-amylase-digested DCW were placed
in screw-capped glass tubes to be hydrolysed with
1 ml of 2 N trifluoroacetic acid at 100°C for 90 min,
cooled down at room temperature and centrifuged
obtaining two phases: the supernatant (non-cellulosic
cell wall sugars, i.e. hemicelluloses and pectins) and
the pellet (cellulosic cell wall sugars). Trifluoroacetic
acid remains from the supernatant were evaporated
under nitrogen flow to quantify specific neutral sugars
from hemicelluloses cell wall fraction (i.e. fucose,
rhamnose, arabinose, galactose, glucose, xylose and
mannose) and from pectin fraction (i.e. galacturonic
acid) as described in Turbant et al. (2016). After evap-
orated, hydrolysates were dissolved with 1 ml of deio-
nized water and each one was diluted (1:10, v/v) to
determine its specific non-cellulosic neutral sugars com-
position by high-performance anion-exchange chroma-
tography coupled with a pulsed electrochemical
detection (HPAEC-PAD; Dionex ICS-3000, Dionex
Corporation).

Cellulose content was estimated following Foster
etal. (2010). Thus, pellets were cleaned three times with
deionized water and subsequently freeze-dried over-
night. Freeze-dried samples were resuspended in 1 ml
Updegraff reagent (acetic acid: nitric acid: deionized
water, 8:1:2 v/v) to be heated at 100°C for 30 min. Once
cooled, samples were centrifuged at 10 000 g and pellets
were cleaned twice with deionized water and three times
with absolute acetone. Then, they were freeze-dried
overnight. The following morning, 175 pl sulfuric acid
72% were added and samples were incubated at 30°C
for 45 min. Afterward, 825 pl deionized water was added
and the mixtures were centrifuged at 10 000 g. Finally,
200 pl anthrone reagent prepared in sulfuric acid 100%
(2:1, w:v) plus 90 pl deionized water was added to 10 pl
of each supernatant. Samples absorbance was read at
625 nm using a Microplate Spectrophotometer (BioTek
PowerWave). Cellulose concentration was determined
by interpolating samples absorbance from a glucose cal-
ibration curve.
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Protein extraction and cell wall enzyme activity
assays

Enriched weakly bound cell wall proteins (CWP) were
extracted to perform PME and (P)AE enzyme activities
assays. Briefly, around 0.7-1 g fresh leaf tissue from
leaves adjacent to the one used for gas-exchange mea-
surements were sampled, grounded to fine powder using
a ball mill and stored at —80°C. Then, 50 mg of frozen
plant powder were homogenized in 150 pl of 50 mM
sodium dihydrogen phosphate (pH 7.5) containing 2 M
sodium chloride. Samples were incubated at 4°C under
constant agitation for 30 min before centrifugation at
13 000 g. The supernatants were recovered and a second
extraction was performed on pellets following the same
methodology. The supernatants were combined and
desalted on Amicon Ultra-0.5 Centrifugal Filter Unit
3Kda cut-off (Merck Millipore) using Mcllvaine buffer
(0.2 M disodium hydrogen phosphate prepared in
0.1 M citric acid, pH 6.5) containing 100 mM sodium
chloride. Protein concentration was determined accord-
ing to Bradford (1976). Thus, samples absorbance was
read at 595 nm using a spectrophotometer (BioTek
PowerWave) and CWP concentration was determined
by interpolating samples values from a bovine serum
albumin calibration curve.

The overall PME enzyme activity was determined by
measuring the methanol released from pectin methyl
ester content (Baldwin et al. 2014). Briefly, 5 pl of each
CWP were incubated with 85 pl of 50 mM sodium phos-
phate buffer (pH 7.5) containing 0.025 U alcohol oxidase
and 100 pg methyl-esterified citrus pectin solution 90%.
Samples were incubated at 28°C for 30 min and, then,
100 pl of staining solution (2 M ammonium acetate and
20 mM pentane-2,4-dione prepared in 50 mM glacial
acetic acid) were added. They were incubated at 68°C
under darkness conditions for 15 min and their absor-
bance was read at 420 nm with a spectrophotometer
(BioTek PowerWave). PME enzyme activity was deter-
mined by interpolating samples values from a methanol
calibration curve.

AE and PAE enzyme activities were estimated by mea-
suring acetate release using triacetin and sugar beet as a
substrate, respectively (Baldwin et al. 2014, Remoroza
etal. 2014). Thus, 20 pg of CWP extract in a final volume
of 30 pl were incubated with 0.2 M sodium dihydrogen
phosphate prepared in 100 mM sodium chloride and
0.1 Mcitric acid (pH 6.5). Then, 120 pl of 100 mM triace-
tin (Sigma) or 10 mg ml™" of sugar beet pectin (42%
methylesterification and 31% acetylation degrees, CP
Kelco) prepared in Mcllvaine buffer containing 100 mM
sodium chloride were added to samples for AE or PAE
assays, respectively. They were incubated at 40°C under
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constant agitation for 2 h. Once cooled, the acetate con-
centration of each sample was determined with the
Acetic Acid Kit (Megazyme, K-ACETRM). Samples absor-
bance was read at 340 nm with a spectrophotometer
(BioTek PowerWave). AE and PAE enzyme activities
were determined by interpolating samples values from
an acetic acid calibration curve.

Statistical analysis

Thompson test was performed to detect and eliminate
outliers for all tested parameters. Then, one-way ANOVA
and subsequent Lsp test were assessed to detect statisti-
cally significant differences for the studied parameters
between genotypes (P < 0.05). All analyses were per-
formed with R software (ver. 3.2.2; R Core Team, Austria).

Results
Pectin remodeling enzymes activities

No significant changes in PRE activities were observed
comparing atpme17.2 and atpael1.1 mutants with the
wild-type Col-0 (Fig. 2). Particularly, all tested genotypes
presented similar amount of PME enzyme activity
(0.18 £ 0.01, 0.19 £ 0.02 and 0.18 + 0.01 nmol metha-
nol pg protein™ min~' for Col-0, atpaell.1 and
atpme17.2, respectively; Fig. 2A). A similar pattern was
detected for both AE and PAE enzyme activities

(Fig. 2B,C, respectively).

Cell wall cellulosic and non-cellulosic sugars
characterization

Cellulose content did not differ between the studied
genotypes (Fig. 3A). However, there was a strong reduc-
tion in the cell wall pectin fraction, expressed by the
amounts of galacturonic acid, in both atpael1.7 and
atpme17.2 mutants (34.55 + 3.96 and 66.27 +5.78 %
WT, respectively; Fig. 3A). Regarding the hemicellulosic
cell wall fraction, although both mutants presented
increased fucose content in comparison to Col-0, these
changes were only significant for atpael1.1 (Fig. 3B).
Nonetheless, no significant modifications were detected
comparing the amount of other non-cellulosic neutral
sugars belonging to hemicelluloses (i.e. rhamnose, arab-
inose, galactose, glucose, xylose and mannose) among
genotypes (Fig. 3B).

Photosynthetic characterization

The analysis of An-C; curves revealed that both
atpael1.1 and atpme17.2 mutants showed strong reduc-
tions in photosynthetic capacity accompanied by dimin-
ished C; (Supporting Information, Fig. S1). At ambient
CO, concentration, mutants presented more than a

Physiol. Plant. 0, 2020

two-fold decrease in Ay compared to wild-type
(4.95 +1.19, 3.24 + 0.58 and 10.05 + 0.63 pmol CO,
m~ s7' for atpael1.1, atpmel7.2 and Col-0, respec-
tively; Fig. 4A). Additionally, decreases in g, were also
detected, being more pronounced in atpmel7.2
(0.11 + 0.02 mol CO, m™2s71; Fig. 4B). However, these
An and g, reductions in both mutants did not lead to dif-
fering WUE; in comparison to Col-0 (Fig. 4C). Again, gm
reductions were found in both mutants, especially in
atpmel7.2 with a g, eightfold lower than Col-0
(Fig. 4D). Finally, no significant differences among geno-
types were found for ETR and Rjgn (Fig. 4EF,
respectively).

Anatomical characterization

The preliminary analysis of leaf anatomic features indi-
cated a reduction in T gar Which was observed in both
mutants in comparison to Col-0 (Table S1). However,
they presented slightly increased and reduced Tye and
Tie, respectively, than the wild-type (Table S1). Addition-
ally, in both mutants there were indications of a decrease
in Tpmes, but even more marked in atpae1 1.1, which also
obtained lower Npa. than Col-0 (Table S1). Finally,
changes in fi,s suggested an increase of porosity in
atpmel7.2 and atpaell.1 in comparison to Col-O
(Table S1).

Discussion

Cell wall rearrangement is an important feature deter-
mining plants’ development during their entire life
(Carpita and McCann 2002, Cosgrove 2005, 2016, Ten-
haken 2015, Hocq et al. 2017, Lampugnani et al. 2018,
Kong et al. 2019, Rui and Dinnery 2019). In this work,
A. thaliana atpmel7.2 and atpaell.l mutants were
studied in comparison to wild-type Col-O to assess for
the first time whether potential differences in their cell
wall composition — including PRE activities — could
affect photosynthesis.

Several studies have evidenced phenotypic effects
occurring in specific Arabidopsis mutants (for instance,
Herndndez-Blanco et al. 2007, Kong et al. 2014, Lépez-
Calcagno etal. 2017, Zhao et al. 2018), which were also
detected in this study as mutant plants reduced their
rosette diameter as well as their foliar size in comparison
to wild-type (Fig. 1). In fact, alterations of PRE activities
could be involved in several physiological processes
due to the remodeling of cell wall architecture, which
could modify the plants’ phenotype (Carpita and
McCann 2002, Cosgrove 2005, 2016, Hocq et al. 2017,
Kong et al. 2019). Particularly, the effects of altered
PME have been widely studied and, in Arabidopsis, they
are implicated in seed germination (Miiller et al. 2013),
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Genotype Col-0 Genotype atpae11.1 Genotype atpme17.2
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Fig. 1. Representative phenotypical alterations of 40-day-old wild-type Col-0 in comparison to atpae?1.1 and atpme17.2 mutant genotypes.
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Fig. 2. Enzyme activities in Arabidopsis thaliana Col-0, atpael 1.1 and atpme17.2 genotypes. (A) Pectin methylesterase, (B) acetylesterase and (C) pectin
acetylesterase. Different superscript letters indicate significant difference (P < 0.05) between genotypes according to Lo test. n = 4-6 (means + sg).
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seed mucilage adhesion (Turbant et al. 2016), reduction
of root hair production (Guénin et al. 2017), pollen grain
maturation and germination (Leroux et al. 2015), dark-
grown hypocotyls (Derbyshire et al. 2007, Pelletier
et al. 2010) or even in stomatal function (Amsbury
etal. 2016). On the other hand, although there is limited
information regarding specific biological effects of PAE
on plants growth and development, it seems that it could
be involved in determining Arabidopsis inflorescence
stem height (de Souza et al. 2014) and in regulating pol-
len tube growth and plant reproduction in other species
(Gou et al. 2012). However, we did not observe any
significant differences in PRE activities comparing
mutant genotypes with Col-0 (Fig. 2). Although Séné-
chal et al. (2014) and Philippe et al. (unpublished data)
reported that AtPME17 and AtPAET1, respectively,
were highly expressed in older leaves and roots, there
is no obvious correlation between high transcript levels
and translation into high protein levels and/or high
enzymes activities (Bosch and Hepler 2005, Jamet
et al. 2009). Additionally, although atpmei7.2 and
atpaell.1 exhibited mutations in the same genes than
those mutants used in Sénéchal et al. (2014) and Phi-
lippe et al. (unpublished data), the ones studied here
presented alterations in introns, while those used in
the above-mentioned studies were localized in exons.
Thus, we suggest that different positions of the T-DNA
insertions used for our mutant genotypes could be
involved in differing PRE activities in comparison to
previous reports. Furthermore, our tested mutants could
contain specific PME and/or PAE proteins which may
not be present in Col-0, thus, compensating PME and
PAE activities. In A. thaliana, pectin methylesterases
belong to a multigenic family of 66 isoforms (Pelloux
et al. 2007). Therefore, as it has been proposed that
some genes could control the same processes (Bosch
and Hepler 2005), those alterations related to
AtPME17.2 could be supplied for other similar or
related genes. Similarly, pectin acetylesterases belong
to a multigenic family of 12 isoforms in A. thaliana,
but their implications are not fully understood (Gou
et al. 2012, Philippe et al. 2017). For instance, de
Souza et al. (2014) reported a genetic characterization
of null atpae8 and atpae9 mutants showing that they
presented 20% more acetate in their cell wall. More-
over, the double mutant showed an even more
enhanced acetate cell wall proportion (37%). How-
ever, Orfila etal. (2012) overexpressed an ortholog Ara-
bidopsis AtPAE8 from Vigna unguiculata in potato and
found a decreased degree of pectin acetylation. Follow-
ing previous studies, we expected changes in PAE
activity, but it was maintained at similar levels in all
tested genotypes perhaps due to genetic redundancy.
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Despite enzymatic activities were maintained, the two
mutants presented alterations of cell wall composition
which could explain the phenotypic differences. How-
ever, our results for cell wall non-cellulosic neutral sugars
analyses differed from previous reports by Mertz
et al. (2012) and Engelsdorf et al. (2017). Particularly,
Mertz et al. (2012) determined that galacturonic acid
(GalA) was the most abundant non-cellulosic neutral
sugar in A. thaliana mur mutants. Additionally, Engels-
dorf et al. (2017) tested A. thaliana pgm, adgl-1 and
sex1-1 mutants and showed that neutral sugars from the
hemicellulosic cell wall fraction significantly changed
in comparison to wild-type Col-0, whilst GalA amounts
were maintained. Nonetheless, our results differed from
the previous studies probably because, apart from testing
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Fig. 3. Cell wall composition of A. thaliana Col-0, atpae?1.1 and
atpme17.2 genotypes. (A) Cellulose and galacturonic acid content and
(B) non-cellulosic neutral sugars content from hemicellulosic cell wall
fraction: -fucose (Fuc), .-rhamnose (Rha), L-arabinose (Ara), b-galactose
(Gal), p-glucose (Glu), p-xylose (Xyl) and p-mannose (Man). Different
superscript letters indicate significant difference (P < 0.05) between
genotypes according to Lsp test. n = 4-6 (means + st).
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other mutants, our plants were grown under different
conditions, for instance, different photoperiod, light
intensity and soil composition. Additionally, we per-
formed the trifluoroacetic acid hydrolysis at 100°C
instead of at 121°C, which may have resulted in higher
resistance to the acid hydrolysis of the linkages between
GalA-GalA and rhamnose-GalA, thus, obtaining lower
amounts of both non-cellulosic neutral sugars than
expected. However, our results showed that both
mutants experienced decreased amounts of GalA
(i.e. pectins) compared to wild-type (Fig. 3A) with main-
tained PRE activities. In fact, there is no obvious correla-
tion between altered PRE activities and modified
pectins quantity probably because they determine pec-
tins physicochemical properties, not their amount
(Pelloux et al. 2007, Gou et al. 2012, Palin and Geit-
mann 2012, Turbantet al. 2016, Hocq etal. 2017, Kong
et al. 2019). Therefore, this descent in pectins as well as
some additional mutant-specific alterations in the hemi-
cellulosic cell wall fraction such as increased fucose in
atpael 1.1 (Fig. 3B), could explain the diminished photo-
synthetic capacity (Figs 4 and S1) as previously reported
(Weraduwage et al. 2016), especially, via altered g,
(Ellsworth etal. 2018, Clemente-Moreno etal. 2019, Car-
riqui etal. 2020, Roig-Oliver et al. 2020). Of the previous
studies, Clemente-Moreno et al. (2019) and Roig-Oliver
et al. (2020) demonstrated a cell wall composition-
mediated effect on g, based on correlative evidence after
stress-inducing changes in both g, and cell wall compo-
sition testing tobacco and grapevines, respectively. Par-
ticularly, Clemente-Moreno et al. (2019) found a
negative relationship between non-cellulosic sugars,
specifically pectins, with gn. Although Weraduwage
et al. (2016) did not focus on modifications of g, they
also highlighted the importance of pectins as possible
drivers of altered photosynthesis in A. thaliana cell wall
mutants. However, only Ellsworth et al. (2018) used cell
wall mutants to directly demonstrate the role of cell wall
composition on gq,. Specifically, they used rice mutants
with disruptions in cell wall mixed-linkage glucan — a
compound specific of grasses — production and showed
a reduction in gy of 83%, which was only partially
explained by changes in observed anatomical properties.
In fact, Weraduwage et al. (2016) also reported that ana-
tomical alterations derived from cell wall modifications
were important determinants of photosynthesis. The
results provided in these previous studies lead to the sug-
gestion that altered cell wall composition may induce
changes in cell wall effective porosity and CO, diffusion
path length and/or chemical properties, thus, changing
photosynthesis. Nonetheless, our results follow a differ-
ent pattern than those reported by Clemente-Moreno
etal. (2019) probably because they only tested one single
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genotype after short-term water and salt stresses induc-
tion. As our tested genotypes were grown under non-
stressing conditions and the observed phenotypical
differences are likely to be constitutive, we believe that
our data on atpme17.2 and atpaell.1 mutants could
be much more comparable with that from Carriqui
et al. (2020). Particularly, while they demonstrated that
pectins themselves did not correlate with g, testing
seven conifers species, they found a strong positive rela-
tionship between g,, and the ratio of pectins to cellu-
loses and hemicelluloses. Even though in this study we
do not have enough data to calculate this ratio, the fact
that celluloses were equally maintained among geno-
types, and pectins were not, suggests that g, reductions
in atpmel7.2 and atpaell.] mutants could also be
related to a diminished fraction of pectins to celluloses
and, perhaps, hemicelluloses. Additionally, although
anatomical traits were studied only preliminarily in this
work, we hypothesize that together with non-cellulosic
sugars alterations they could also be involved in photo-
synthesis reduction in both mutants as they display, for
instance, decreased Tigar and Tyes as compared to
wild-type (Table S1). However, more detailed anatomi-
cal studies of atpme17.2 and atpael1.1 mutants using
more replicates would be necessary to confirm this
point. Finally, and contrary to Ellsworth et al. (2018),
the mutants also showed a significant decrease of g,
(although of lower magnitude than that of gn,). Whether
this is an indirect consequence of co-adjustment with
reduced g, (Flexas et al. 2013) or a direct effect of cell
wall composition on stomata (Jones et al. 2003) remains
to be elucidated.

This study provides insights on how different cell wall
architecture could influence the photosynthetic effi-
ciency in A. thaliana atpme17.2 and atpael1.1 mutants
in comparison to wild-type Col-0. Thus, we established
that cell wall composition modification could lead to
reduced photosynthetic traits in atpmel7.2 and
atpael1.1 mutants maybe because of alterations in leaf
chemistry and, perhaps, in anatomical traits. However,
more studies are required to establish the potential impli-
cations of AtPME17.2 and AtPAET1.1 in whole plant
dynamics using mutants where the T-DNA insertion is
localized in their specific catalytic sites.
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tions at the sub-stomatal cavity (An-C; curves) of Arabi-
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Supplementary Information

Table S1. Anatomical characterization from semi-fine cross sections of A. thaliana Col-
0, atpaell.l and atpmel7.2 genotypes. Average values £ SE from ten measurements are
shown for leaf thickness (TLear), upper epidermis thickness (Tug), lower epidermis
thickness (TLe), mesophyll thickness (Twmes), number of palisade layers (NpaL) and
fraction of mesophyll intercellular air spaces (fias). n = 1 in all cases.

Parameters
Genotypes TLeaF Tue TLe TwmEs fias
NpaL
(um) (um) (um) (nm) (%)
Col-0 188.8+24 166+13 149+14 1496+3.0 18%+0.3 19.2

atpaell.l 1579+38 190+16 11.7+04 1158+59 13+03 38.6
atpmel7.2 1652+49 215+21 115+06 130.0+46 18+x0.1 259
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Fig. S1. Net CO; assimilation at different CO2 concentrations at the sub-stomatal cavity
(An-Ci curves) of A. thaliana Col-0, atpaell.1 and atpmel7.2 genotypes. Each point

represents average values + SE of independent gas-exchange measurements conducted

with different plants. n = 5-6.
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Cell wall composition: an important photosynthesis
determinant conserved in the most primitive land plant

lineage

o Cell wall thickness and composition are related to photosynthesis in Antarctic mosses
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Abstract

Cell wall thickness (Tcw) is an important anatomical trait determining photosynthesis
through land plants’ phylogeny, being bryophytes the plant group presenting the thickest
walls and the lowest photosynthetic rates. Recently, the potential involvement of cell wall
composition influencing both thickness and mesophyll conductance (gm) has been
suggested, representing a novel trait that could ultimately affect photosynthesis.
However, only a few studies testing spermatophytes have demonstrated that issue. In
order to explore the role of cell wall composition in determining both Tcw and gm in
mosses, we tested six species growing under field conditions in Antarctica. We performed
gas exchange and chlorophyll fluorescence measurements, an anatomical
characterization, and a quantitative analysis of cell wall main composition (i.e., cellulose,
hemicelluloses and pectins) in the six species. We reported different photosynthetic rates
for the studied species, which also presented differences in anatomical characteristics and
in cell wall composition. Whilst gm correlated negatively with Tew and pectins content, a
positive relationship between Tqw and pectins emerged, suggesting that pectins could
contribute to determine cell wall porosity. Our results show for the first time that cell wall
composition —with pectins playing a key role— strongly influences Tcw and gm in Antarctic
mosses, ultimately defining photosynthesis.

Key words

Cell wall composition, cell wall thickness, mesophyll conductance, mosses, pectins.
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Introduction

Antarctica is considered the most extreme region on Earth since it is the coldest, driest,
highest, windiest, and most isolated continent, in which large seasonal temperature
extremes as well as fluctuations in solar radiation and in water availability occur
(Robinson et al., 2003; Bramley-Alves et al., 2014). Because of these harsh conditions
and an extremely short growing season, the Antarctic flora is dominated by algae, lichens,
and bryophytes. Of these, bryophytes (i.e., hornworts, liverworts, and mosses) constitute
one of the most diverse groups of land plants as they comprehend more than 12.500 extant
species, being surpassed only by angiosperms (Hedderson et al., 1996; Goffinet et al.,
2001; Shaw & Renzaglia, 2004; Frey & Stech, 2009). In Antarctica, at least 111
bryophyte species are present (Ochyra et al.,, 2008; Bramley-Alves et al., 2014),
representing one of the few regions in which they predominate because their biological
characteristics allows them to inhabit those areas where vascular plants are sparse or
absent (Buck & Goffinet, 2000; Newton et al., 2000; Hyvonen et al., 2004; Proctor et al.,
2007; Roberts et al., 2012; Huttunen et al, 2018).

A recent study has shown that photosynthesis and photosynthesis-related traits are
correlated with species distribution and fitness in Antarctica (Perera-Castro et al., 2020a).
Although bryophyte photosynthesis —i.e., photosynthetic efficiency and limitations— has
been scarcely studied in comparison to that of spermatophytes, there is enough evidence
on how low are their net CO> assimilation (An) rates as compared to other land plants
groups (Alpert & Oechel, 1987; Williams & Flanagan, 2002; Brodribb et al., 2007, 2020;
Waite & Sack, 2010; Hanson et al., 2014; Wang et al., 2014; Carriqui et al., 2019; Gago
et al. 2019; Fan et al., 2020; Flexas & Carriqui, 2020; Perera-Castro et al., 2020a,b,c).

Recently, Carriqui et al. (2019) performed a detailed study analysing which traits
limited photosynthesis in the gametophytes of several bryophyte species, evidencing that
CO; diffusive limitations are more significant than biochemical ones. These CO:
diffusive limitations were exclusively related to mesophyll conductance (gm), since
gametophytes lack stomata (Shaw & Renzaglia, 2004; Huttunen et al., 2018).
Additionally, it was shown that gm limitation to photosynthesis was driven by anatomical
characteristics, particularly, extremely thick cell walls (Tcw) and low chloroplasts surface
area exposed to intercellular air spaces (S¢/S), important traits determining photosynthesis
through land plants’ phylogeny (Flexas et al., 2018; Carriqui et al., 2019; Gago et al.,
2019; Flexas & Carriqui, 2020). Besides cell wall thickness, the leaf cell wall is a complex

and dynamic three-dimensional structure surrounding plants cells which is compounded
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by several types of polysaccharides, phenolic compounds, and proteins (Carpita &
McCann, 2002; Somerville et al., 2004; Cosgrove, 2005; Anderson & Kieber, 2020).
These components interact with each other determining cell wall mechanical properties
at each developmental stage (Somerville et al., 2004; Cosgrove, 2005; Sarkar et al., 2009;
Anderson & Kieber, 2020; Lundgren & Fleming, 2020). Cellulose represents its main
compound and consists in multiple B-1,4-linked glucan-bounded chains forming
microfibrils, providing strength to the wall (Carpita & McCann, 2002; Somerville et al.,
2004; Cosgrove, 2005; Anderson & Kieber, 2020). Within closely packed cellulose
microfibrils, short non-cellulosic polysaccharides (i.e., hemicelluloses) are located
(Carpita & McCann, 2002; Somerville et al., 2004; Cosgrove, 2005; Anderson & Kieber,
2020). Additionally, pectins are acidic polysaccharides rich in galacturonic acid that
conform a network in which the cellulose-hemicelluloses matrix is embedded (Carpita &
McCann, 2002; Somerville et al., 2004; Cosgrove, 2005; Moore et al., 2008; Anderson &
Kieber, 2020). This pectin matrix has been suggested to be an important structure
influencing several cell wall properties such as elasticity, degree of hydrophobicity,
porosity and thickness (Carpita & McCann, 2002; Somerville et al., 2004; Vicré et al.,
1999; Moore et al., 2008; Cosgrove, 2005; Schiraldi et al., 2012; Houston et al., 2016;
Rui & Dinnery, 2019; Carriqui et al., 2020; Roig-Oliver et al., 2020a,b).

Whereas it is known that phylogenetic groups present specific particularities
regarding cell wall composition (Popper & Fry, 2003, 2004; Sarkar et al., 2009; Sgrensen
et al., 2010; Popper et al., 2011), the relationship between cell wall composition and
photosynthesis —particularly, gm—, remains misunderstood (Lundgren & Fleming, 2020).
However, some studies in spermatophytes have recently provided some light on that
issue. In this sense, the first evidence for changes in cell wall composition affecting gm
was demonstrated in mutant rice genotypes (Ellsworth et al., 2018). Similar conclusions
were reached testing Arabidopsis thaliana mutants, being gm variations specifically
attributed to modifications in pectins and/or in the (Cellulose+Hemicelluloses)/Pectins
ratio (Roig-Oliver et al., 2020c). Additionally, Clemente-Moreno et al. (2019) and Roig-
Oliver et al. (2020b) evidenced specific relationships between modifications in cell wall
composition and gm in tobacco and vines, respectively, acclimated to contrasting
environmental conditions. Also, Roig-Oliver et al. (2020a) showed that Tcw variations
were closely linked to changes in cell wall composition in sunflower subjected to different

water availability. Nonetheless, to the best of our knowledge, only Carriqui et al. (2020)
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performed an interspecific study demonstrating the importance of cell wall composition
in determining differences in both gm and Tcw among seven conifer species.

Although specific cell wall compositional traits have been characterized in some
moss species (Popper & Fry, 2003; Matsunaga et al., 2004; Pefia et al., 2008), to the best
of our knowledge, there is no information regarding how their cell wall composition could
influence both photosynthesis and Tcw. Thus, the main hypothesis of the current study is
that cell wall composition is involved in regulating Tew, Om, and, thus, photosynthesis in
mosses, which present the lowest photosynthesis and gm values and the highest Tcw across
land plants’ phylogeny. Given the high diversity of moss species in Antarctica (Ochyra et
al., 2008; Bramley-Alves et al., 2014) and the fact that photosynthesis and
photosynthesis-related traits have been shown to influence their distribution and fitness
in this region (Perera-Castro et al., 2020a), we analysed six Antarctic moss species
belonging to distinct families from photosynthetic, anatomical and cell wall composition

perspectives.

Materials and Methods

Experimental site and plant material

The present study was performed in Livingston Island (South Shetland Islands,
Antarctica; 62°39°94°°S, 60°23°20°W, 12 masl), where mean annual precipitation in
summer season (from December to February) is 44.1 £ 11 mm and mean min/max annual
temperatures are 5.4 + 1.4 °C and 13.8 £ 2.4 °C, respectively (Bafion & Vasallo, 2015).
Gas exchange measurements and sample collection for anatomical and cell wall
composition analyses were performed in six moss species (Table 1) during February

2020, i.e., the high Antarctic summer.

Gas exchange and fluorescence measurements

Mosses were collected in the field and were subsequently transported to the laboratory to
perform simultaneous gas exchange and chlorophyll a fluorescence (Chl a) measurements
using a LICOR 6800 system (LiCOR Biosciences, Lincoln, NE, USA). Per each species,
8 or 9 replicates were measured. Following Carriqui et al. (2019), shoots from distinct
moss species, litter and dead tissues were removed carefully. Then, photosynthetic tissues
were hydrated to guarantee their optimal status during gas exchange measurements
performance. Excessive water was gently removed with a paper and, then, photosynthetic

tissues were placed avoiding overlapping in a 6 cm? cuvette with a gasket affixed to a thin
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stocking piece (Perera-Castro et al., 2020b,c). To prevent dehydration to affect gas
exchange measurements, those individual parts remaining outside of the cuvette were
carefully covered with a wet paper and, if necessary, they were watered. For all species,
the flow rate was kept at 350 pmol air min™, the vapour pressure deficit (VPD) at around
1.5 kPa, the block temperature at 20 °C and the air relative humidity at 60-65 %. Steady-
state conditions were induced in phyllidia (hereafter “leaves”) at saturating
photosynthetic photon flux density (PPFD from 800 to 1250 umol m? s, depending on
each species, 90-10 % red-blue light) and 400 pmol CO2 mol™* air. Once steady-state
conditions were reached, usually after 5-10 min, measurements for net CO_ assimilation
(An), CO2 atmospheric concentration (Ca) and steady-state fluorescence (Fs) were
registered in the equipment. Subsequently, a saturating light flash was applied to
determine the maximum fluorescence (Fm’) and the real quantum effective of
photosystem I (®psi). From these values, the electron transport rate (ETR) was estimated
as ETR = PPFD X ®pg; X a X [3, where a is the leaf absorbance and B is the electron
partitioning between photosystems I and 11 (Genty et al. 1989). Due to logistic restrictions
to perform light curves under non-photorespiratory conditions (Valentini et al., 1995),
a x B values were compiled from bibliography. Thus, a x B values for Bryum
pseudotriquetrum, Polytrichum juniperinum and Sanionia uncinata were compiled from
Carriqui et al. (2019). For Polytrichum alpinum, the a X 8 product was taken as the
average of those values described for other Polytrichum species (Carriqui et al., 2019).
For the rest of species (i.e., Brachytecium austrosalebrosum and Warnstorfia sarmentosa)
a mean of all a x B values reported in Carriqui et al. (2019) for numerous mosses was
used. The light respiration (Riignt) was assumed to be the half the dark respiration rate,
measured after plants exposure to darkness for, at least, 30 min (Niinemets et al., 2005).
With all previous values, the mesophyll conductance (gm) was estimated according to
Harley et al. (1992) considering that the CO> compensation point in the absence of
respiration (7*) was that of tobacco at 25 °C (Bernacchi et al., 2001), because no
published values are available for mosses. Additionally, as mosses lack stomata, the CO>
concentration at the sub-stomatal cavity (Ci) of the original equation was replaced by Ca

as previously assumed by Carriqui et al. (2019):

Im = T"((ETR+8(Ax + RD)
*~ TETR —4(Ax + R
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Since individuals did not totally cover the whole cuvette area, a photograph of the
photosynthetic tissues inside of the cuvette was taken after finishing gas exchange
measurements to recalculate the area. Those species presenting photosynthetic tissues
resembling true leaves, i.e., P. alpinum and P. juniperinum, were dissected and the real
photosynthetic leaf area was calculated. For other species, the entire shoot was used. All
area estimations were done with ImageJ software (Wayne Rasband/NIH, Bethesda, MD,
USA).

Anatomical characterization

After the performance of gas exchange measurements, small pieces of those leaves
enclosed in the cuvette were quickly fixed under vacuum pressure with a solution of
glutaraldehyde 4 % and paraformaldehyde 2 % prepared in a 0.01 M phosphate buffer
(pH 7.4). Four replicates per each species were prepared. Afterward, samples were post-
fixed in 2 % buffered osmium tetroxide for 2 h to be subsequently dehydrated by a graded
ethanol series. Dehydrated portions were embedded in LR white resin (London Resin
Company) and were kept in an oven at 60 °C for 48 h (Tosens et al., 2016; Carriqui et al.,
2019).

Semi-fine (0.8 um) and ultra-fine (90 nm) cross sections were cut with an
ultramicrotome (Leica UC6, Vienna, Austria) to characterize each species from an
anatomical perspective according to mosses’ particularities (Carriqui et al., 2019). Thus,
semi-fine sections were dyed with 1 % toluidine blue to be viewed with an Olympus
BX60 optic microscope. Samples were photographed at 200 and/or 500X magnifications
with a digital camera (U-TVO.5XC; Olympus, Tokyo, Japan). From these pictures, the
estimation of leaf thickness (Tiear) was addressed in all replicates. Additionally, mesophyli
thickness (Tmes) and the fraction of mesophyll intercellular air spaces (fias) were also
measured when species characteristics allowed for their determination. Ultra-fine cross
sections were contrasted with uranyl acetate and lead citrate to take pictures at 1500X and
30000X magnifications with a transmission electron microscopy (TEM H600; Hitachi,
Tokyo, Japan). From those images at 1500X magnifications, chloroplasts thickness (Tcni),
chloroplasts length (Lcni), mesophyll and chloroplasts surface area exposed to intercellular
air spaces (Sm/S and S¢/S, respectively) and the ratio S¢/Sm were calculated. From those
images at 30000X magnifications, cell wall and cytoplasm thickness (Tew and Teyt,
respectively) were estimated. Finally, a cell curvature correction factor was determined

for each species according to Thain (1983) performing an average length/width ratio of
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five randomly selected cells. In all cases, final values per each parameter were obtained

as a mean of 10 measurements from randomly selected cell structures using ImageJ.

Foliar structure

Five individuals per species neighbouring the ones used for gas exchange characterization
were hydrated. After removing shoots belonging to different moss species, dead tissues
and litter, individuals were photographed to estimate the leaf or the canopy mass per area
(LMA and CMA, respectively) with ImageJ. Similar to the recalculation of the
photosynthetic area after gas exchange measurements, P. alpinum and P. juniperinum
were dissected carefully as their structural characteristics allowed for leaves separation
from thalli. For the rest of species, the entire shoot was used. Then, all samples were
placed in an oven at 70 °C for, at least, 72 h to determine their dry weight. From these
values, LMA was calculated for both Polytrichum species and CMA for the other species
as the ratio of dry mass to leaf area.

Cell wall extraction and fractionation

Per each species, six individuals neighbouring those used for gas exchange measurements
were watered to prevent dehydration once shoots of different moss species, dead tissues
and litter have been removed. Subsequently, they were stored overnight under darkness
conditions to minimize leaf starch accumulation. The following morning, sampling for
cell wall analyses was addressed. Whilst only leaves were collected for P. alpinum and
P. juniperinum, entire shoots were sampled for the rest of species. For all replicates,
around 700 mg of leaf fresh tissue were collected to be stored at -80 °C until used. At the
laboratory, each sample was boiled with absolute ethanol until bleached. Afterward, they
were cleaned twice with acetone >95 % obtaining the alcohol insoluble residue (AIR), an
approximation of the total isolated cell wall material. Prior to perform the analysis of cell
wall main compounds, all AIRs were a-amylase-digested in order to eliminate starch
remains. Once no starch residues were further observed, 3 analytical replicates of each
AIR weighing around 3 mg were hydrolysed with 2 M trifluoroacetic acid at 121 °C for
1 h. Then, they were centrifuged at 13000 g obtaining an aqueous supernatant (non-
cellulosic cell wall fraction, corresponding to hemicelluloses and pectins) and a pellet
(cellulosic cell wall fraction). Whilst supernatants were stored at -20 °C for
hemicelluloses and pectins quantifications, pellets were cleaned twice with distilled water

and twice more with acetone >95 %. After air-dried, pellets were hydrolysed with 200 pl
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sulphuric acid 72 % (w/v) at room temperature for 1 h, diluted to 6 ml with distilled water
and heated at 121 °C until an aqueous solution containing cellulose was obtained.
Hemicelluloses and cellulose contents were estimated from a glucose calibration curve
by the phenol sulphuric acid method (Dubois et al., 1956). Pectins quantification was
performed from a galacturonic acid calibration curve (Blumenkrantz & Asboe-Hansen,
1973). All these colorimetric reactions were read with a Multiskan Sky Microplate

Spectrophotometer (ThermoFisher Scientific).

Statistical analysis

Prior to perform statistics, Thompson test was addressed to identify and eliminate outliers
for all evaluated parameters. Then, one-way ANOVA and subsequent LSD test were
performed to detect statistically significant differences (P < 0.05) for each studied
parameter between species. Furthermore, Pearson’s correlation matrices were addressed
to find correlations between parameters, being significant at P < 0.05 and highly
significant at P < 0.01. Finally, linear regressions between photosynthetic traits,
anatomical particularities and cell wall compositional features were fitted using mean
values per species. All these analyses were done with R software (ver. 3.2.2; R Core
Team, Vienna, Austria).

Results

Physiological characterization

Net CO- assimilation (An) of the studied Antarctic moss species ranged from 0.74 + 0.05
t0 4.26 + 0.34 pmol CO2 m2 s in S. uncinata and P. juniperinum, respectively (Table 2).
Together with P. alpinum, the later species achieved the largest gm (11.65 + 0.93 and 9.69
+0.82 mmol CO, m? %, respectively), whereas B. austrosalebrosum presented almost
7-fold diminished gm (1.59 + 0.31 mmol CO, m s*; Table 2). Similarly, P. juniperinum
achieved the largest ETR (121.35 + 8.01 umol m™ s) and was followed by P. alpinum,
which had reductions of around 30% as compared to the previous species (Table 2).
Nonetheless, similar ETR values were found in the rest of species, being significantly
lower than those measured in both Polytrichum species (Table 2). Finally, B.
austrosalebrosum, B. pseudotriquetrum and P. juniperinum achieved the highest Riignt,

whereas the lowest was found in S. uncinata (Table 2).
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Foliar structure and anatomical characterization

Regarding mosses’ foliar structure, non-significant differences in LMA were detected
between Polytrichum species (Table 3). Similarly, the rest of mosses did not present
statistically significant differences for CMA (Table 3).

Anatomical features of each studied species can be found in Fig. S1. Concerning
those traits estimated from light microscopy pictures, P. alpinum and P. juniperinum
presented the highest Tieaf, being statistically different from the rest of species, which
presented around 13-fold thinner leaves (Table 3). Additionally, Tmes and fias Were only
measured in these two species due to Polytrichum anatomical particularities (Fig. S1).
Thus, whereas P. alpinum presented significantly higher Tmes than P. juniperinum, similar
fias was observed in both species (Table 3). Regarding those traits estimated from pictures
at 1500X and 30000X magnifications, P. alpinum achieved the highest Sw/S (17.39 + 0.69
m2 m2), being followed by P. juniperinum (Table 4). However, the rest of mosses
presented similarly lower Sw/S values, ranging from 1.21 + 0.14 to 1.67 £ 0.35 m? m2in
W. sarmentosa and B. pseudotriquetrum, respectively (Table 4). Both Polytrichum
species showed significantly higher S¢/S in comparison to the rest of species, which had,
at least, 10-fold lower S¢/S (Table 4). B. austrosalebrosum, P. alpinum and P. juniperinum
achieved the highest values for the Sc/Sm ratio, which was reduced around 40% in W.
sarmentosa, that species presenting the lowest S¢/Sm (0.49 + 0.06; Table 4). No statistical
differences among species were found for Lcn and Ten (Table 4). B. austrosalebrosum
exhibited the largest Tcyt (0.84 + 0.06 um), being followed by B. pseudotriquetrum and
W. sarmentosa (Table 4). Nonetheless, S. uncinata showed almost 4-fold lower Tcyt than
B. austrosalebrosum (Table 4). Finally, the largest Tcw was found in B. pseudotriquetrum
and S. uncinata, being up to 4-fold larger than in P. juniperinum and P. alpinum, which

presented the thinnest cell walls (Table 4).

Cell wall composition characterization

The highest isolated AIR proportion was found in W. sarmentosa, whilst the lowest was
detected in both S. uncinata and B. austrosalebrosum (Table 5). The later species
presented the largest cellulose content (12.90 + 1.18 g glc m™), being followed by W.
sarmentosa (Table 5). Nonetheless, P. juniperinum contained the lowest cellulose
amounts, being almost 2.5-fold lower than in B. austrosalebrosum (Table 5). Regarding
hemicelluloses, no statistic significant differences among species were detected (Table

5). Finally, S. uncinata, B. pseudotriquetrum and B. austrosalebrosum presented almost
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three times higher pectins content than P. alpinum, that species containing the lowest
(1.20 + 0.08 g gal ac m™, Table 5).

Relationships among parameters

Several significant correlations were detected among all studied parameters (Table S1).
Concerning relationships between photosynthetic parameters, positive correlations were
found between An and gm (R? = 0.94, P < 0.01, Fig. 1A) and ETR (R?=0.98, P < 0.01,
Fig. 1B). Nonetheless, gm correlated negatively with Tew (R?= 0.67, P = 0.03, Fig. 2).
Since cellulose and hemicelluloses contents were less variable than pectins among species
(Table 5), pectins were the unique cell wall main compound related with the
(Cellulose+Hemicelluloses)/Pectins ratio (i.e., (C+H)/P; Table S1). Consequently, those
parameters that correlate positively with the (Cellulose+Hemicelluloses)/Pectins ratio
were linked negatively with pectins (Table S1). Particularly, we detected a positive
correlation between Tew and pectins (R? = 0.95, P < 0.01, Fig. 3) and a negative one
between gm and pectins (R?= 0.59, P = 0.05, Fig. 4).

Discussion

Changes in cell wall composition have been linked to gm rates in different spermatophyte
species (Ellsworth et al., 2018; Clemente-Moreno et al., 2019; Carriqui et al., 2020; Roig-
Oliver et al., 2020a,b,c). In this study, we analysed six Antarctic moss species showing
that interspecific variations in both gm and Tcw were strongly related with differences in
cell wall composition.

The photosynthetic rates reported in the present study are comprised within the
ranges previously reported for mosses (Alpert & Oechel, 1987; Williams & Fanagan,
2002; Brodribb et al., 2007, 2020; Waite & Sack, 2010; Hanson et al., 2014; Wang et al.,
2014; Carriqui et al., 2019; Fan et al., 2020; Perera-Castro et al., 2020a,b,c). The two
Polytrichum species achieved the largest An and gm due to their specific characteristics,
as already shown by Carriqui et al. (2019). In fact, the family Polytrichaceae is placed in
the highest position along bryophytes’ phylogeny since they exhibit structural,
morphological, and anatomical traits differing from the rest of mosses (Hébant, 1977,
Ligrone et al., 2002; Hyvonen et al., 2004; Bell & Hyvonen, 2010; Huttunen et al., 2018).
First, they present a well-developed internal conducting system with specialized water-
conducting cells (i.e., hydroids) (Hébant, 1977; Ligrone et al., 2002; Bell & Hyvonen
2010; Huttunen et al., 2018) which is functionally similar to the vascular system of higher
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plants (Brodribb et al., 2020). Additionally, their phyllidia resemble true leaves with a
“pseudo-mesophyll” that increases the area for CO2 uptake (Proctor, 2005; Hyvonen et
al., 2004; Bell & Hyvoénen, 2010; Huttunen et al., 2018). Together with thinner cell walls
(see Fig. S1 for anatomical details), all these traits resulted in enhanced An and gm as
compared to other moss species (Table 2). Despite the fact that plants were measured
during the most favourable growing season, it is possible that the measured
photosynthetic rates do not represent the maximum achievable photosynthetic capacity.
Indeed, especially for the two Polytrichum species, the measured ETR would allow for
larger A rates than those reached (Table 2). In fact, Carriqui et al. (2019) reported larger
An rates than those presented in our study for B. pseudotriquetrum, P. juniperinum and S.
uncinata. Nevertheless, the three species rank equally in both studies, with P. juniperinum
and S. uncinata presenting the largest and the lowest An values, respectively.

Specific cell wall composition characteristics have been studied along land plants’
phylogeny, evidencing those traits specifically related to each plant lineage (Popper &
Fry 2003, 2004; Sarkar et al., 2009; Sgrensen et al., 2010; Popper et al., 2011). Although
mosses cell wall composition has not been deeply studied as compared to other groups,
Popper & Fry (2003) determined that they contain high quantities of cellulose and
mannose, the latter representing the most abundant hemicellulosic sugar. Additionally,
mosses usually contain high amounts of pectins, which are thought to provide protection
against desiccation (Popper & Fry 2003). However, these major cell wall components
present some structural differences as compared to spermatophytes (Matsunaga et al.,
2004; Pefa et al., 2008; Popper, 2008), suggesting a prior stage before the appearance of
flowering plants (Popper, 2008). Surprisingly, in our study pectins were the less abundant
cell wall compound, while hemicelluloses were the most abundant (Table 5). Similar to
Popper & Fry (2003) and Pefia et al. (2008), we used the AIR as an approximation of the
total isolated cell wall fraction from which we quantified the relative proportion of each
cell wall compound. However, whereas Popper & Fry (2003) performed a qualitative
analysis of cell wall composition and Pefia et al. (2008) determined the presence of very
specific components by NMR spectroscopic analysis and MALDI-TOF-MS procedures,
we made a quantitative determination of cell wall compounds. Thus, we suggest that
contrasting results regarding the relative abundance of hemicelluloses and pectins may be
attributed to different specificities of the used methodologies. Nevertheless, since the

method we used here is well contrasted (Ibarz et al., 2005; Masuko et al., 2005) and it
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was employed identically for all species, we expect that at least the relative differences
among species are fully trustable.

Recently, Carriqui et al. (2019) confirmed the existence of a negative trade-off
between gm and Tcw in mosses, which was also detected in the present study (Fig. 2).
Although it has been suggested that modifications in cell wall composition could
influence Tcw (Carpita & McCann, 2002; Cosgrove, 2005; Moore et al., 2008; Rui &
Dinnery, 2019), to the best of our knowledge, only two studies evidence that issue. At
intraspecific  level, Roig-Oliver et al. (2020a) showed that the
(Cellulose+Hemicelluloses)/Pectins ratio was linked to Tew adjustments in sunflowers
subjected to different water availability conditions. Nonetheless, at interspecific level,
Carriqui et al. (2020) found that hemicelluloses and pectins absolute concentrations
correlated negatively with Tcw in seven conifers acclimated to the same environmental
conditions. ~ Whilst  our  results demonstrate  that changes in  the
(Cellulose+Hemicelluloses)/Pectins ratio determined Tcw across species (Table S1), the
existence of this relationship was specifically attributed to pectins (Fig. 3) since these
were the larger contributors to the interspecific variability in the
(Cellulose+Hemicelluloses)/Pectins ratio. In fact, pectins are thought to be crucial
defining several cell wall characteristics that could finally affect the CO> diffusion
(Cosgrove, 2005; Moore et al., 2008; Houston et al., 2016). In this sense, we found that
increased pectins amounts resulted in diminished gm (Fig. 4), which agrees with the
results in water-stressed tobacco (Clemente-Moreno et al., 2019). However, this
relationship seems to be species-specific because Roig-Oliver et al. (2020b) showed that
only cellulose was related to gmin vines. Nevertheless, these studies were done evaluating
single angiosperms acclimated to varying environmental stressors. Thus, our results are
more comparable with those reported by Carriqui et al. (2020) since they performed a
multi-species analysis. Particularly, they found that both hemicelluloses and cellulose
determined gm rates across conifers. Furthermore, they showed that gm was associated to
the proportion between cell wall main compounds, highlighting pectins potential
importance in regulating gm. Even though our results do not allow to draw conclusive
statements, we suggest that the direct effect of different cell wall composition —with
pectins playing a key role— on Tcw across species strongly influenced gm rates because of
different wall porosity, thus, modifying the CO> diffusivity through the wall. However,

even comparable, contrasting results between gymnosperms and mosses reflect the
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importance of specific cell wall composition determining gm in a different manner in
distinct phylogenetic groups.

In conclusion, this interspecific study evidences the importance of cell wall
composition in influencing cell wall thickness and photosynthesis in Antarctic mosses.
Low An and gm values were achieved due to extremely thick cell walls, which in turn,
were determined by different cell wall composition, specifically, pectins. Nonetheless,
further studies testing more species are necessary to elucidate the relationship between
cell wall composition and gm in order to improve our current knowledge regarding the
mechanistic basis of gm and to detect a general role of cell wall composition influencing

COg. diffusivity through cell walls along land plants’ phylogeny.
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Fig. 1. Relationships between (A) net CO- assimilation (An) and mesophyll conductance

(gm) and (B) net CO assimilation (An) and electron transport rate (ETR) in studied moss
species. n = 8-9 (means + SE).

216



Chapter 6

. O B austrosalebrosum £ P. alpinum
Species )
& B. psewdotriguetrum

® S uncinata

B P juniperinum & W sarmentosa

151 R% =067
P =003
10
—
w
5
=
-
o
O
S
£
E
E
[=]
o
0.0 0.5 1.0 15 20
T o (pm)

Fig. 2. Relationship between mesophyll conductance (gm) and cell wall thickness (Tcw) in

studied moss species. n = 4-9 (means + SE).
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Fig. 3. Relationship between cell wall thickness (Tcw) and pectins content in studied moss

species. n = 4—6 (means + SE).
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Fig. 4. Relationship between mesophyll conductance (gm) and pectins content in studied

moss species. n = 6-9 (means + SE).
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. SO0 nam

Fig. S1. Representative anatomical characteristics of all studied species from semi-fine
(left) and ultra-fine (right) pictures taken at 200/500X and 30000X magnifications,
respectively. Species are represented as follows: (A) B. austrosalebrosum, (B) B.
pseudotriquetrum, (C) P. alpinum, (D) P. juniperinum, (E) S. uncinata and (F) W.
sarmentosa. Black scale bars in light microscope pictures = 100 pm.
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Chapter 7

The results derived from the current Thesis have been structured in four chapters —
Chapters 3, 4, 5 and 6—, which include eight published or submitted publications that deal
with the General and Specific Objectives (see Publications list and Chapter 2 for more
detail). Since each publication comprehends a deep discussion of its most relevant
findings, readers are addressed to the Discussion section of each one for proper discussion
and specific answers to General and Specific Objectives. Therefore, the present chapter
aims to provide a brief integrated overview of the present work contributions to the
scientific knowledge regarding mesophyll conductance and photosynthesis regulation by

cell wall compositional properties.

1.- Cell wall composition influences plants’ functional traits

The relevance of cell wall properties affecting photosynthesis has been often neglected
(Ellsworth and Reich, 1993; Niinemets, 1999; Evans et al., 2009). First, the cell wall only
represents a tiny structure (in leaves of most land plants, it is comprised between 0.1 and
0.4 um; Flexas and Carriqui, 2020) of the pathway that CO- has to follow through the leaf
mesophyll, which ranges from millimetres to centimetres (Earles et al., 2018; Flexas and
Carriqui, 2020). Additionally, the diameter of cell wall pores (30-50 A) is sufficiently
large to enable the diffusion of CO, molecules, only presenting 3.3 A (Carpita et al.,
1979). Moreover, the cell wall was thought to be a static structure from a compositional
perspective (Evans et al., 2009), especially in mature leaves (Houston et al., 2016;
Cosgrove, 2018). However, as explained in the General Introduction section, several
studies have demonstrated dynamic changes in cell wall composition, in which plants
invest many resources for its synthesis and constant remodelling (Somerville et al., 2004;
Cosgrove, 2005, 2018; Sarkar et al., 2009; Keegstra, 2010; Frankova and Fry, 2013;
Tenhaken, 2015; De Lorenzo et al., 2019; Anderson and Kieber, 2020; Yokoyama, 2020).
Nonetheless, just a few works proposed that cell wall composition could be a relevant
trait affecting photosynthesis, and particularly, gm (Gago et al., 2020; Flexas et al., 2021).
Whilst the importance of Tew regulating photosynthesis has been widely described (Flexas
et al., 2012, 2018; Tomas et al., 2013; Carriqui et al., 2015, 2019a, 2020; Tosens et al.,
2015; Peguero-Pina et al., 2017; Veromann-Jirgenson et al., 2017; Gago et al., 2019;
Flexas and Carriqui, 2020), the role of cell wall composition has been much less studied.
In this sense, only Ellsworth et al. (2018), Clemente-Moreno et al. (2019) and Carriqui et
al. (2020) empirically demonstrated that modifications in cell wall composition correlated
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with gm in mature leaves of rice mutants, in tobacco subjected to contrasting
environmental conditions and at interspecific level in non-stressed coniferous,
respectively, being partially explained by anatomical characteristics.

Globally, the results derived from the current Thesis provide further evidence and
novel information about the importance of cell wall composition regulating gm and
additional photosynthetic parameters (for instance, WUE;, gs and the gm/gs ratio).
Furthermore, the dynamics of cell wall composition turnover in small timescales has been
also demonstrated, evidencing that these fast changes affect photosynthesis at distinct
levels (Publication 2). Moreover, we showed that modifications in leaf anatomical traits,
specifically, in Tcw, are related to cell wall composition at intraspecific or even at
genotype level because of acclimation to distinct environmental conditions (Publications
1 and 6) as well as at interspecific level (Publication 8).

Besides those relationships demonstrating the importance of cell wall composition
modifications affecting both photosynthetic and anatomical properties, the effect of cell
wall composition influencing leaf water relations was also addressed in this Thesis. In
this sense, Nadal et al. (2018) performed a multi-species analysis covering from ferns to
angiosperms and reported a trade-off between gm and €, suggesting that cell wall
properties —specifically, thickness and composition— could strongly regulate this
relationship. Given that thick cell walls limit gm (Tomas et al., 2013; Carriqui et al., 2015,
2019a, 2020; Tosens et al., 2015; Veromann-Jirgenson et al., 2017; Gago et al., 2019;
Flexas and Carriqui, 2020) and, at the same time, increase cell rigidity (Peguero-Pina et
al., 2017), it has been proposed that cell wall compositional traits could also determine ¢
(Corcuera et al., 2002; Moore et al., 2008; Solecka et al., 2008; Alvarez-Arenas et al.,
2018; Miranda-Apodaca et al., 2018). Even though the mechanistic basis by which ¢ is
modified during plants acclimation to specific environmental stresses is still
misunderstood as seems to be species- (Sobrado and Turner, 1983; Lo Gullo and Salleo,
1988; Bartlett et al., 2012; Scholz et al., 2012; Arias et al., 2015; Niinemets, 2016; Zhang
et al., 2016; Nadal et al., 2020) or even genotype-dependent (Galmés et al., 2011), this
Thesis evidences the species- and the genotype-specific role of cell wall composition

influencing ¢ (Publications 1, 3, 4, 5 and 6).
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2.- Inter-specific and inter-phylogenetic trait integration

In Chapter 6 it has been demonstrated that cell wall compositional characteristics
determined both photosynthesis and Tcw in the most basal plant lineage, as similarly
shown by Carriqui et al. (2020) in coniferous. Since these studies reported that cell wall
composition influenced both gm and Tew in specific plant groups, we performed a meta-
analysis from literature in which cell wall composition, photosynthesis and leaf
anatomical properties were studied in a pool of species spanning from mosses to
angiosperms grown under optimal conditions to explore further consequences of cell wall
compositional traits determining leaf anatomy and photosynthesis from a phylogenetic
perspective.

The relationship between Tcw and gm that we report (Fig. 3A) shows that thinner
cell walls enable for larger gm across land plants’ phylogeny, as already demonstrated by
previous studies (Gago et al., 2019; Flexas and Carriqui, 2020). Another significant
correlation emerged considering the relative abundance between cell wall compounds, in
which increased pectins relative proportion allowed for larger gm (Fig. 3B). In fact, given
that pectins can bind several times their own volume of water (Schiraldi et al., 2012) and
that CO> diffuses in solution, Flexas et al. (2021) recently proposed that modifications in
pectins content could be responsible of cell wall porosity alterations since their
hydrocolloid properties may affect the effective porosity to water and CO2. Also, their
physicochemical properties as well as their interactions with other cell wall compounds
seem to be crucial determining gm from a phylogenetic perspective. Consistent with this
idea, the product P/(C+H) X 1/Tcw strongly influenced gm (Fig. 3C), highlighting the
relevance of both porosity and thickness —the first being represented by cell wall
compounds relative abundance— regulating gm across terrestrial plants phylogeny.

Interestingly, the relationships discussed above improved their significance when
excluding angiosperms and, particularly, crops. This fact suggests that, whilst we detected
the existence of a general trend for cell wall particularities (i.e., thickness and
composition) influencing gm across land plants’ phylogeny, distinct patterns are found at
smaller scale. Furthermore, it demonstrates that cell wall characteristics are more relevant
determining gm in primitive land plant lineages rather than in the most modern. In fact,
mosses were the unique plant group in which gm was co-regulated by both Tcw and cell
wall composition (Fig. 4), maybe due to their poikilohydry (Sarkar et al., 2009). Thus,

whilst thick cell walls could avoid water losses and decrease the CO: diffusion (Huttunen
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etal., 2018; Carriqui et al., 2019a), simplified cell wall architecture could allow for larger
gm. In contrast, gymnosperms increased gm due to enhanced pectins relative abundance
(Fig. 4), as similarly occurred considering all land plants lineages. However, we propose
that gm regulation in angiosperms —and, specially, in crops, which have been traditionally
selected to enhance their photosynthesis and productivity once subjected to specific
growing conditions (Milla et al., 2015; Nadal and Flexas, 2019)- could be of high
complexity and may be influenced by other mechanisms to a larger extent than by cell
walls, for instance, aquaporins and carbonic anhydrases (Fabre et al., 2007; Pérez-Martin
etal., 2014).
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Fig. 3. Mesophyll conductance (gm) in relation to (A) the inverse of cell wall thickness
(1/Tew), (B) the pectins to cellulose and hemicelluloses ratio (P/(C+H)), and (C) the
product between the pectins to cellulose and hemicelluloses ratio and the inverse of cell
wall thickness (P/(C+H) x 1/Tew) for photosynthetic organs of mosses (n=12), ferns (n=4-
7), gymnosperms (n=8), wild angiosperms (n=6-9) and crop angiosperms (n=7-9). Linear
regressions were fitted to data for all species, but also excluding angiosperms and crops
when significant. Data was obtained from Clemente-Moreno et al. (2019), Carriqui et al.
(2020), Nadal et al. (2020) and other unpublished works. Also, data from Publications 1,
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3, 4,5, 6 and 8 of the present Thesis was included.
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Fig. 4. Mesophyll conductance (gm) in relation to cell wall thickness (Tcw) and to the

pectins to cellulose and hemicelluloses ratio (P/(C+H)) for photosynthetic organs of

mosses (n=12), ferns (n=4-7), gymnosperms (n=8), wild angiosperms (n=6-9) and crop

angiosperms (n=7-9). Linear regressions were fitted to each group data when significant.

229



Chapter 7

3.- Trait integration under abiotic stress

In Chapters 3 and 4 it was shown that cell wall composition affected photosynthesis, leaf
water relations and/or anatomical characteristics. However, such correlations were
species- (or even genotype-) specific and could also depend on experimental conditions.
Thus, in this section we aimed to describe which are the strongest and most general gm
determinants in plants subjected to abiotic stresses analysing together all the traits studied
in all tested species (i.e., those species from Publications 1-6).

When examining all analysed parameters —i.e., the ones related to photosynthesis,
foliar structure, leaf water relations, anatomical properties, and cell wall composition—
several correlations emerged. Based on these results and considering the relevance of gm
in this Thesis, we selected those parameters that better determined gm regulation during

abiotic stresses imposition (Table 2).

Table 2. Pearson correlation matrix containing the selected photosynthetic, foliar
structure, anatomical and cell wall composition parameters analysed in those species
studied in Chapters 3 and 4. Values in italics and bold indicate significant (P<0.05) and
highly significant (P<0.01) correlation coefficients, respectively.

Om LMA LD fias AIR Cellulose Hemicel. Pectins

gm -042 -057 029 -043 0.30 -0.34 -0.48
LMA 043 -0.77 0.01 -0.53 0.68 0.31
LD 005 0.21 -0.23 0.12 0.33
fias 0.11 0.17 -0.71 0.46
AIR 0.07 0.47
Cellulose -0.34 -0.35
Hemicel. -0.19
Pectins

Further analyses of the relationships between the selected parameters showed
negative correlations between gmand AIR, pectins, LMA and LD (Fig. 5). Moreover, LMA
was linked negatively with fiss (Fig. 6A), which was also negatively related to
hemicelluloses (Fig. 6B). Similarly, although a negative relationship between LMA and
cellulose was found (Fig. 6C), LMA correlated positively with hemicelluloses (Fig. 6D).
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Fig. 5. Representation of the integrative relationships between the selected
photosynthetic, foliar structure and cell wall composition parameters analysed in those
species studied in Chapters 3 and 4. Treatments’ colouring was done according to
evaluated experimental conditions (“GCC”: growth chamber conditions, “LT”: long-term
water deficit stress, “ST”: short-term water deficit stress). ST and LT comprehend those
experimental conditions performed under ST and ST-Rec and under LT and LT-Rec,

respectively, regardless of the specific field capacity percentage. For parameters

abbreviations, see “Symbols and abbreviations” section in page “iii”” of this Thesis.
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Fig. 6. Representation of the integrative relationships between the selected foliar

structure, anatomical and cell wall composition parameters analysed in those species

studied in Chapters 3 and 4. Treatments’ colouring was done according to evaluated

experimental conditions (“GCC”: growth chamber conditions, “LT”: long-term water

deficit stress, “ST”: short-term water deficit stress). ST and LT comprehend those

experimental conditions performed under ST and ST-Rec and under LT and LT-Rec,

respectively, regardless of the specific field capacity percentage. For parameters

abbreviations, see “Symbols and abbreviations” section in page “iii”” of this Thesis.
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From these results, some conclusions can be reached. First, it is shown that the
cell wall content per leaf (i.e., the AIR) negatively influences gm (Fig. 5A). Additionally,
whilst we reported species- and genotype-dependent cell wall modifications influencing
gm in each tested species subjected to specific environmental conditions (see publications
in Chapters 3 and 4), when merging all results, we specifically demonstrate that pectins
are the unique cell wall component determining gm adjustments under abiotic stresses
imposition (Fig. 5B). Thus, we propose that modifications in pectins amounts could
influence several cell wall characteristics affecting the CO. diffusion, such as porosity,
flexibility, and thickness (Carpita and Gibeaut, 1993; Carpita and McCann, 2002;
Cosgrove, 2005; Leucci et al., 2008; Moore et al., 2008, 2013; Solecka et al., 2008;
Voragen et al., 2009; Tenhaken, 2015; Houston et al., 2016; Rui and Dinneny, 2019;
Yokoyama, 2020). As discussed in the previous section, we speculate that changes in
pectins concentration could be related to modifications in wall porosity, but they may also
lead to alterations in their enzymatic performance as well as in the overall cell wall
physicochemical characteristics, modifying the interactions between cell wall compounds
and, consequently, changing wall architecture and structure. Nonetheless, not only cell
wall composition, but foliar structure-derived parameters (i.e., LMA and LD) also
determined gm adjustments under abiotic conditions (Figs. 5C, D), reflecting the high
complexity of gm regulation. Additionally, it has been demonstrated that cell wall
composition has not an exclusive effect on gm or photosynthetic-related parameters since
it also influences leaf structure and anatomy, particularly, LMA and fiss (Fig. 6).

Finally, it has to be considered that the potential implication of cell wall
compounds others than cellulose, hemicelluloses and pectins affecting gm remains largely
unexplored. Since we revealed that cell wall minor compounds such as cell wall bound
phenolics —and, particularly, coumaric acid- could also play a relevant role driving gm
adjustments during the acclimation to distinct water regimes (Publication 1), further
studies evaluating their impact are required, especially, in those species presenting large
amounts in their cell walls, for instance, grasses (Hartley, 1973; Harris and Hartley, 1976;
Hartley and Jones, 1977; Carpita and Gibeaut, 1993; liyama et al., 1994; Carpita, 1996;
Carpita and McCann, 2002; Vogel, 2009). Similarly, additional experiments testing plant
groups others than angiosperms subjected to contrasting environmental conditions would
be crucial to evaluate if modifications in cell wall composition are promoted and can

influence gm.
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4.- Recapitulation, limitations, and perspectives

Along this Thesis, it has been evidenced that cell wall composition is related to gm and
other photosynthetic traits, leaf water relations and anatomical parameters. Besides the
complexity of the hypothetical mechanism by which gm is determined due to cell wall
properties —including thickness, porosity, tortuosity, and composition— proposed by
Flexas et al. (2021) (Fig. 7), the results provided by this Thesis demonstrate that they
could be even more complex since they may depend on the tested environmental
conditions as well as on the evaluated species and/or genotypes. Thus, there is a need to
take advantage of the available methodologies and systems to explore in more detail how

cell wall compositional characteristics affect plants’ functional traits at different levels.

£ (TEMPERATURE) | | f(PECTINS)

CELLWALL _ DIFFUSIVITY x  POROSITY

CONDUCTANCE  AppARENT PATH 5  TORTUOSITY

LENGTH
| =T, If(MULTIPLE) |
POROSITY TORTUOSITY
R =
£ (Pectins) £ (Microfibril arrangement) - i.e. T Cell wall density
Pectin cell wall fraction Pectins and hemicelluloses
| Blockwise de-methylesterification f (Lignins)

i.e. I cross-link with Ca* and gelation & 1 stiffness

f (Phenolic compounds)
Depending on local pH and other factors

f (Other factors) — e.g. pH, etc.
T Non-blockwise de-methylesterification
i.e. \ cross-link and degradation & | stiffness

APPARENT PATH LENGTH DIFFUSIVITY
| Interaction with metals— e.g. Al, Cu, etc. - -
—_— —_—
1T 1 Temperature
f(Other) — e.g. dimerization, branching, etc. o

Fig. 7. Summary of the hypothetical mechanism by which cell wall properties affect cell
wall conductance (Flexas et al., 2021). The relationship between the four properties
determining cell wall conductance is displayed at the top of the diagram. Below the
equation, the physicochemical factors that determine (black) or potentially determine
(grey) each cell wall property are detailed. Arrows indicate the known or suggested
direction of influence of each factor.
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The fast development of DNA sequencing technologies has emerged as a useful
tool that has increased our understanding regarding cell walls (Yokoyama, 2020). Thus,
the publication of around 224 plant species genomes from algae to angiosperms
(Phytozome, 2021) enables to compare the genic pool of distinct plant lineages. Hence,
the generation of cell wall mutant genotypes could be useful to elucidate the functioning
of a specific gene and/or enzyme (Yokoyama, 2020). However, it is still a difficult task
since the biotechnological modification of a cell wall gene may promote alterations in the
dynamics and/or status of other wall components (Anderson and Kieber, 2020;
Yokoyama, 2020). For instance, Xiao et al. (2016) reported that Arabidopsis mutants
presenting disruptions in those genes involved in xyloglucan synthesis also reduced
cellulose synthesis and altered the expression of wall-integrity-sensing genes.
Additionally, phenotypic effects have been observed in Arabidopsis mutants exhibiting
cell wall modifications, ranging from embryo lethality to very specific alterations such as
aberrant pollen production (Spielman et al., 1997; Nickle and Meinke, 1998). However,
in many cases, cell wall mutations resulted in whole plant phenotypic disruptions that
were accompanied by reductions in the foliar size and area (Reiter et al., 1993, 1997;
Turner and Somerville, 1997; Nicol et al., 1998; Brown et al., 2005; Zhong et al., 2005;
Persson et al., 2007; Xiao et al., 2016; Zhang et al., 2020; Chen et al., 2021) as well as
in modified leaf anatomy (Weraduwage et al., 2016; Ellsworth et al., 2018), which could
potentially secondarily affect photosynthesis performance as appreciated in Publication
7.

Given pectins’ importance determining several cell wall properties, numerous
studies have tested mutant genotypes presenting PRE alterations in order to elucidate the
importance of their appropriated functionality (Rhee et al., 2003; Bosch and Hepler,
2005; Parre and Geitmann, 2005; Derbyshire et al., 2007; Gou et al., 2008, 2012;
Peaucelle et al., 2008, 2011; Zhang et al., 2008; Pelletier et al., 2010; Miller et al., 2013;
de Souza et al., 2014; Sénéchal et al., 2014; de Souza and Pauly, 2015; Leroux et al.,
2015; Levesque-Tremblay et al., 2015; Scheler et al., 2015; Turbant et al., 2016; Wang
etal., 2016; Weraduwage et al., 2016; Guénin et al., 2017; Hocg et al., 2017; Yang et al.,
2018; Kong et al., 2019). Even though the biological implications of altered PRE are
remaining poorly understood, the improvement of several techniques that enable to study
pectins’ characteristics in muro has demonstrated the high complexity of their regulation
during different stages of cell expansion, development, growth, and in response to both

biotic and abiotic stresses (De Lorenzo et al., 2019; Palacio-Lo6pez et al., 2020). For
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example, Dick-Pérez et al. (2011) used solid-state nuclear magnetic resonance (NMR)
and observed interactions between pectins and cellulose microfibrils due to their close
deposition in the cell wall. With the same methodology, Phyo et al. (2017) tested
Arabidopsis mutant lines and showed that those mutants with altered HG molecular
weight presented modifications in the interactions between HG and cellulose that affected
cell expansion. Moreover, Carpita and McCann (2015) proposed that fourier-transform
infrared (FTIR) microspectroscopy could be another method to differentiate cellulosic,
hemicellulosic and pectic profiles from Type | and Type Il primary cell walls,
highlighting its potential application to detect changes in the amounts of these
polysaccharides in mutant genotypes. Furthermore, the utilization of fluorescent
molecules presenting specific affinity for single cell wall polysaccharides is widely
recognized as a useful tool to visualize cell wall mechanical characteristics at different
growth stages (Anderson et al., 2012; Dumont et al., 2016; De Lorenzo et al., 2019;
Bidhendi et al., 2020; Palacio-Lopez et al., 2020; Parra et al., 2020). In this sense,
Anderson et al. (2012) and Dumont et al. (2016) used modified polysaccharides with
fluorescent labelling that were metabolically incorporated into the cell wall and detected
how they were progressively incorporated to RG-1 and RG-I1 residues, respectively. More
recently, Parra et al. (2020) utilized immunogold labelling to investigate the
ultrastructural distribution of LM19, LM20, LM5 and LM6 pectin epitopes during
different stages of olive ripening. Additionally, Bidhendi et al. (2020) performed a
technical update on fluorescence procedures that enabled to visualize cellulose
microfibrils orientation and pectins distribution in different tissues of A. thaliana and
Camellia japonica at specific growing stages. Thus, these techniques could be used for
testing specific site-location effects of specific cell wall components on the overall leaf
photosynthetic performance.

Nonetheless, major challenges are remaining to elucidate pectins structure,
dynamics, and interactions with other compounds because of the high structural
complexity of the plant cell wall. Although the equipment that enables to study biological
samples at nanometric scales is already available (super-resolution microscopy; Paés et
al., 2018; Vangindertael et al., 2018) and has been employed to specifically detect lignins
(Paés et al., 2018), higher resolution would be required to study the cell wall architecture
in more detail. In the case of fluorescence labelling, further investigation is necessary to
enhance the binding affinity when detecting specific cell wall structures and/or

compounds (Bidhendi et al., 2020). Finally, a selection of the most appropriated plant
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species to investigate the effects of specific cell wall alterations would be crucial since
results cannot be distinctly extrapolated to all phylogenetic groups as they present
characteristic genes, enzymes and/or cell wall compounds (see section 7 of the General
Introduction). In this sense, whilst A. thaliana is the most widely utilized model plant for
cell wall mutations screening to explore the functioning of a particular gene (Carpita and
McCann, 2002; Somerville et al., 2004; Cosgrove, 2005; Anderson and Kieber, 2020),
these results could just be extrapolated to dicotyledonous angiosperms, as mentioned in
Publication 7. Similarly, rice and maize mutant genotypes, for example, would be much
more appropriate to investigate how cell wall disruptions affect plants’ functionality in
grasses. The same considerations should be applied to gymnosperms, ferns, and mosses,
considering that sub-classifications within each group may present specific cell wall
composition. Therefore, all the appreciations mentioned in this section would be required
to enhance the current knowledge about the mechanistic basis of gm regulation due to cell

wall compositional properties.
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Conclusions

From the results presented in Chapters 3, 4, 5 and 6 and in the General Discussion, the

following conclusions have been drawn to respond to the General and Specific Objectives
of this Thesis:

General Objective 1: To explore possible relationships between changes in cell wall

composition and gm during water deficit stress exposition in a model plant.

240

Specific Objective 1: To study short- and long-term water deficit stress responses in

cell wall composition, leaf water relations, foliar anatomy, and photosynthesis.

>

Conclusion 1: In Helianthus annuus plants submitted to short- and long-term
water deficit stress followed by recovery, lignins and cell wall minor compounds
—particularly, cell wall bound phenolics— were linked with photosynthetic traits.
Moreover, the (Cellulose+Hemicelluloses)/Pectins ratio correlated with Tew.

However, changes in cell wall composition did not influence e.

Conclusion 2: When compared with H. annuus, also in the phylogenetically
distant species Ginkgo biloba, water deficit stress induced changes in cell wall
composition that were not linked with gm and photosynthesis, and differently
modified leaf water relations parameters in both species.

Specific Objective 2: To determine the dynamics and the speed of those changes

occurring in cell wall composition and photosynthesis after plants exposition to

specific levels of water availability.

>

Conclusion 3: During gradual short-term water deficit stress, pectins content
negatively correlated with gm in H. annuus. Nonetheless, the detailed monitoring
of the recovery preceded by a long-term water deficit stress revealed that
photosynthesis gradually increased concomitantly to significantly decreased
pectins content after only 5 h of rewatering, with further recovery of
photosynthesis being unrelated to cell wall composition. Remarkably, lignins
content drastically increased after 24 h, being associated with gs increments.



Conclusions

General Obijective 2: To study the relationships between changes in cell wall

composition and gm in different crops acclimated to contrasting abiotic stresses.

e Specific Objective 3: To investigate the effect of temperature and distinct water deficit
stress regimes promoting modifications in cell wall composition that influence leaf

water relations, leaf anatomy, and photosynthesis performance.

» Conclusion 4: In Vitis vinifera subjected to distinct abiotic conditions, An and gm
correlated with cellulose, whilst £ was linked with pectins.

» Conclusion 5: In Hordeum vulgare and Triticum aestivum subjected to distinct
water deficit stress regimes, osmotic and elastic adjustments influenced
photosynthesis, being mo, €, and gs key parameters. Particularly, modifications in

pectins content correlated with leaf elasticity and both gs and gm.

» Conclusion 6: The physiological behaviour of Solanum lycopersicum long shelf-
life (LSL) and non-long shelf-life genotypes (nLSL) subjected to different water
regimes was genotype-dependent, being influenced by distinct parameters in each
case. Whilst the LSL genotype maintained gm within a narrow range across
experimental conditions due to elastic, sub-cellular anatomical and cell wall
compositional adjustments, the nLSL experienced large gm variations that were

linked to changes in LMA as well as in supra-cellular anatomical characteristics.

» Conclusion 7: Despite different relationships were found in the studied species,
when pooling all results together, a common gm regulation pattern emerged,

involving pectins, but also other leaf traits such as LMA, LD and fias.

General Objective _3: To study genetic and phylogenetic conditionings for the

relationships between photosynthesis and cell wall composition.

e Specific Objective 4: To examine the effect of specific cell wall mutations regulating

gm in mutant plants.

» Conclusion 8: Arabidopsis thaliana atpaell.l and atpmel7.2 mutant plants,
which presented specific alterations in pectin acetylesterases and pectin
methylesterases, respectively, reduced photosynthesis in association with

modifications in leaf chemistry.
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Specific Objective 5: To analyse the role of cell wall composition in relation to

photosynthesis and leaf anatomy in plants belonging to a single phylogenetic group

distant from angiosperms.

» Conclusion 9: Cell wall composition influenced both Tcw and photosynthesis

in Antarctic mosses. Low An and gm Were achieved due to extremely thick cell
walls, which in turn, were determined by different cell wall composition,

specifically, pectins.

Specific Objective 6: To evaluate the importance of cell wall composition in

determining photosynthesis performance and leaf anatomy along land plants’
phylogeny.

» Conclusion 10: Although cell wall composition correlated differently with gm

and Tew in specific land plant lineages, both common relationships with gm
emerge when pooling all phylogenetic groups. Additionally, the relationship
between gm and the product 1/Tcw X P/(C+H) was far better than the
relationship between gm and any of the two separate parameters. We conclude
that the P/(C+H) ratio positively influences gm at a global large scale, but the
same components operate in different ways at a smaller scale (i.e., within a
single species and/or phylogenetic group), likely reflecting the complex
interactions between, for example, pectins and pectin remodelling enzymes
with other cell wall compounds, leading to differential effects on CO:

diffusion.
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