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Sweet pepper is among the most widely cultivated horticulttal crops in the
Mediterranean basin, being frequently grown hydroponicbl under cover in combination
with CO;, fertilization and water conditions ranging from optimal teuboptimal. The aim
of this study is to develop a simple model, based on the analys of plant stable isotopes
in their natural abundance, gas exchange traits and N conceration, to assess sweet
pepper growth. Plants were grown in a growth chamber for neaé weeks. Two [CO,] (400

and 800 mmol mol 1), three water regimes (control and mild and moderate watertgess)
and four genotypes were assayed. For each combination of gestype, [CO,] and water
regime ve plants were evaluated. Water stress applied causd signi cant decreases

in water potential, net assimilation, stomatal conductane, intercellular to atmospheric
[COy], and signi cant increases in water use ef ciency, leaf cldrophyll content and
carbon isotope composition, while the relative water contet, the osmotic potential and
the content of anthocyanins did change not under stress compred to control conditions
support this statement. Nevertheless, water regime affest plant growth via nitrogen
assimilation, which is associated with the transpirationtseam, particularly at high [CQ],

while the lower N concentration caused by rising [Cg) is not associated with stomatal
closure. The stable isotope composition of carbon, oxygenand nitrogen @13C, d'80, and

d'°N) in plant matter are affected not only by water regime but sb by rising [CG]. Thus,

d'80 increased probably as response to decreases in transpiran, while the increase in
d®N may re ect not only a lower stomatal conductance but a highe nitrogen demand
in leaves or shifts in nitrogen metabolism associated withetreases in photorespiration.
The way that d'®C explains differences in plant growth across water regimesvithin a
given [CO], seems to be mediated through its direct relationship witiN accumulation
in leaves. The changes in the pro le and amount of amino acidsaused by water stress
and high [CO] support this conclusion. However, the results do not suppd the use of
d'80 as an indicator of the effect of water regime on plant growth
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Serret et al. Dissecting [CG] and Water Interactions in Pepper

INTRODUCTION ratio and therefore of water use e ciency of the plarftsrquhar
and Richards, 1994Under drought stress, thé 13C (or d'3C)
After tomato, sweet pepper is the second largest horticulturaé also a good predictor of stomatal conductan€eifdon et al.,
product cultivated in the Mediterranean basin in terms 2002 and of water input received by the cropi@us et al., 2003
of area (lel Amor, 200). Moreover, a signicant area is For growing conditions where the water regime is not the main
devoted to its cultivation under cover (greenhouses of déer  environmental variable, it remains challenging to assdssther
categories), and is frequently combined with the applicatiorvariation in the carbon isotope signature is the result ofrues
of COy fertilization (Pifiero et al., 2016 Essentially, a high in intrinsic photosynthetic capacity or stomatal conductanc
CO, concentration ([CQ]) stimulates photosynthesis and may (Scheidegger et al., 2000; Farquhar et al., R@e to this, the
contribute to increasing productivity in greenhouses whileanalysis of the stable oxygen isotope signature in plants may
palliating environmental problems such as water stress otontribute toward understanding the nature of the changes i
high temperature. Nevertheless, plant responses to elevatgtC (Barbour and Farquhar, 2000
[CO;] may be aected in one or another way as a result The oxygen isotope compositiod'€0) in plant tissues can be
of photosynthetic acclimationLEng et al., 2004or due to in uenced by three main factors. The rst factor is the ispic
di erences in growing conditions such as water regingl(eary  composition of the source water taken up by the plaRb@en
et al., 201 Thus, some degree of water stress may increase thed Ehleringer, 1999 The second factor is the enrichment in
e ciency of water use, and at the same time positively a ect the'®0 in the leaves due to evaporation in comparison to source
quality of the nal product (6pez-Marin et al., 20)7However, water Pande et al., 1995The third factor is the fractionation
the interaction of elevated [C£with water stress has not been of oxygen isotopes during biochemical reactions involvethi
widely studied and there are studies supporting either thetpjyesi  synthesis of organic matteFérquhar and Lloyd, 1993Sugars
or the negative e ects of elevated [GJ®n water stress tolerance and other metabolites formed in leaves incorporate the leaf
(Medina et al., 2016 Exposure to elevated [GPmay mitigate  water isotopic signal, which is then retained in structurajanic
the inhibition of photosynthesis under water stress and im@o compounds, such as cellulosBafbour, 2007; Gessler et al.,
water use e ciency by a positive synergistic e ect of both fast  2014. Stomatal conductance plays a crucial role in regulating
on stomatal closure, but can also stimulate oxidative steegl the water balance of the plant. Providing there is constancy in
not a ect plant growth Erice et al., 2007, 2014; Bencze et althe d'80 of the water taken up by the plant, 0 of plant
2014; Medina et al., 20).dn addition, plant size may limit the matter integrates evaporative conditions throughout tfedycle
direct physiological e ects of elevated [GIQ(Xu et al., 2015  of the plant, and this is largely una ected by photosynthesis
Moreover, some studies indicated that this interaction ighty ~ (Barbour and Farquhar, 2000; Farquhar et al., 30TRerefore,
dependent on the genotypic variability and the severity ofawat d'®0 has been proposed for estimating stomatal conductance
stress Erice et al., 2014; Medina et al., 2016; Xu etal., 016  and transpiration and thus plant water use in di erent species
Therefore, a better understanding of the interactions ls&tw  (Barbour and Farquhar, 2000; Barbour et al., 2000; Shestshay
high [COy] and water stress is important for predicting the et al., 2005; Farquhar et al., 2007; Cabrera-Bosquet 208Pa,
agricultural consequences of the expected increase inp[CO 2011; Cernusak et al., 2009a
In the case of sweet pepper the genotypic performance and Nitrogen is the most growth-limiting nutrient element for
the speci ¢ responses to the combinations of [g§@nd water plants @ifiero et al., 2006 In fact, the nitrogen isotope
conditions have usually been monitored through photosytithe composition @1°N) in plant matter is an indicator of the e ect of
and transpirative gas exchange traite(iuelas et al., 1995; del growing conditions on the nitrogen metabolism of the plant,eve
Amor et al., 2010 However, the use of methodologies that arethough a complete knowledge of the underlying biochemical
able to integrate physiological processes on a larger tempornaechanisms is lackingCernusak et al., 2009b; Tcherkez, 2010;
scale is an alternative that needs exploration. The analfsis gous et al., 2012 The natural abundance af°N has been
the natural abundances of stable isotopes in plant matter maysed in sweet pepper to assess the source of nitrogen feititizat
represent an alternativéd@gwson et al., 2002; Araus et al., 2008 (Flores et al., 2007; del Amor and Navarro, 20t8owever, to
that is worth exploring. the best of our knowledge, studies on the interactive e ect of
Carbon isotope compositiondt>C), frequently expressed [CO,] and water regime on the™>N and d'80 of the plant are
as discrimination {13C) against the surrounding air, scarce.
provides information on the eect of growing conditions  This study compared thef3C, d'80, and d'*N, together
on photosynthetic carbon assimilatior-grquhar et al., 1982; with N concentration, of the leaf dry matter of sweet pepper
Condon et al., 1990 Plants discriminate against the heavierplants growing under di erent [CQ] and water regimes. Further
carbon isotope 'C) during photosynthesis and the extent of the stable isotope signatures of these three elements were
this discrimination depends on the ratio of the intercellular correlated with plant growth. Moreover, gas exchange and
vs. the atmospheric [C& (Ci/Ca) in photosynthetic organs amino acid pro les were measured on similar leaves. The nal
(Farquhar et al., 1982, 198%ince the @C, ratio depends on aim of this study is to produce a single conceptual model,
the balance between the photosynthetic activity and the atain integrating di erent key physiological traits, that explainiset
conductance (A/g of the plant Farquhar et al., 1982, 1989; variability in sweet pepper biomass due to growing conditions
Rebetzke etal., 2002; Condon et al., J0®en analyzed in plant and genotypic variability. To that end, plants were grown
dry matterl 13C becomes a time-integrated indicator of the A/g under hydroponic conditions at a relatively low light intetys
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and mild to moderate water stress, resembling the growing?hotosynthetic and Transpirative Gas

conditions usually experienced, in a mild Mediterranean etie) Exchange and Chlorophyll Content

by sweet pepper plants within commercial plastic/polycarbonat@t the end of the experimental period, net GQssimilation,
greenhouses adapted to gf@rtilization and which ofteninclude  stomatal conductance, transpiration, and thg¢ @ ratio were

a shadow sheef{ueck et al., 2006; del Amor and Gomez-Lopezmeasured in the youngest fully-expanded leaf of ve plants per

2009; del Amor et al., 2010; Pérez-Jimenez et al.)2016 treatment, using a CIRAS-2 portable photosynthesis system (PP
Systems, Amesbury, MA, USA) with a PLC6 (U) Automatic
MATERIALS AND METHODS Universal Leaf Cuvette of 1.7 émThe cuvette provided light

. . (LED) with a photon ux of 800mmol m 2's 1, 400 or 80Grmol
Plant Material and Growth Conditions mol 1[CO,]and aleaf temperature of 2€. Water use e ciency

The experiment was carried at the Instituto Murciano dey gy was determined as the ratio of net G@ssimilation to
Investigacion y Desarrollo Agrario y Alimentario (IMIDA),&e. transpiration

Alberca_, Murcia, Spain._ Fqur sweet pepp@apsicu_m annuum The leaf chlorophyll content on an area basis was determined
L.) cultivars were studied: Tallante (Ta; De Ruiter Vegetabli, 1o same leaves used for gas exchange with a SPAD-

Seeds, Inc.), Coyote (Co; Syngenta Seeds SA), Herminio (Hgj> (konica-Minolta Sensing, Japan) portable meter. Three
Syngenta Seeds SA), and Velez (Ve; Enza Zaden BV). Th‘?ﬁ@asurements were made on each leaf.

cultivars are commonly used in commercial greenhouses in SE

Spain (Almeria and Murcia regions). Seedlings were transmhnteMeasurement of Tissue Anthocyanins

to 5-1 black containers lled with coconut coir ber (Pelemi ] - o
énthocyanlns were extracted from oven-dried (after a mioim

Alhama de Murcia, Murcia, Spain) and acclimated during 5 day ‘
to the new conditions. Then three irrigation treatments wer ©f 721at65C), ground tissue samples of plant leaves, suspended

applied for 41 days: the control (an amount of 500 ml of nutrient'" acidi ed methanol (methanol:wate.r:HCI, 79:20:1, by .yol
solution was applied every day), mild stress (same amou toextracted at @ for 72h, centrifuged and absorbance

A (AVSE
every 2 days), and moderate stress (same amount every 3 dayrrg asured at 530 and 657 nm for each supernatafitscki and
Plants were irrigated with a modi ed Hoagland solution with | €ramura, 198 Anthocyanin concentration was calculated as

the following composition in meq L; NO : 12.0; BP0, : 1.0; Abszo nm-1/3 Abgs7 nm g 1 dry matter (Lindoo and Caldwell,

SG :3.5;K:7.0; C&: 4.5, MdC: 2.0. Irrigation was supplied 1979.
via pressure-compensating and anti-drain drippers (2hhand . .
fresh nutrient solution was applied to avoid salt accumulatio Leaf Water and Osmotic Potentials and
with a minimum of 35% drainagede! Amor and Gémez-Lépez, Relative Water Content
2009. The leaf water potential () was measured in the same
Plants were grown in a climate chamber designed tdeaves used for gas exchange determinations, using a Sdholan
mimic usual environmental conditions experienced by peppepressure chamber (model 3000, Soil Moisture Equipment
plants within greenhousesi¢l Amor et al., 201)) with fully-  Corp., Santa Barbara, USA) as reported elsewhérengér,
controlled environmental parameters: 70% RH, 16/8 h day/igh1989. Measurements were performed after gas exchange
photoperiod, 28/16C and a photosynthetically-active radiation determinations and then the leaves were put in Eppendorf
(PAR) of 250mmol m 2 s ! provided by a combination of tubes with holes at the bottom and rapidly frozen. These tubes
uorescent lamps (TL-D Master re ex 830 and 840, Philips,were then centrifuged twice, at 4,000g for 4 min@}, using
the Netherlands) and high-pressure sodium lamps (Son-T Agraan Eppendorf centrifuge so that all sap was extracted from
Philips, the Netherlands). Plants were grown at F©f 400 the samples. The osmotic potentid |§) of the leaf sap was
mmol mol 1 (atmospheric [CQ]) and 800mmol mol ! (high  assessed with a vapor pressure osmometer (Wescor 5500, Logan,
[CO2]). The [COy] was regulated by injection of external Utah, USA) used to measure the osmolality (mmol Kgof the
compressed C® (bottle [COy] 99.9%), controlled by an expressed sap; this was converted to osmotic potential acaprdin
infrared gas analyser (Drager Politron IR gCSweden). For to the Van't Ho equation:9 p (MPa)D RTC, where R is the
each cultivar within a speci ¢ water regime and [G]0 ve  gas constant (0.008321 MPa Kmol 1), T is the temperature
replications (each consisting in a single plant) were run. §hu (293 K) and C is the number of moles of solute in 1 kg of water
24 treatments were studied, corresponding to the combimatio(D 11 at 293K). The leaf relative water content (RWC) was
of four cultivars, three irrigation levels, and two [GDtotalling  measured on same-age leaves as those us@dpfolrhree small
120 plants. All the study was done in the same growth chambedisks (2.07 crf) per leaf from each of the six plants were cut
Therefore, the experiment was done consecutively, with thand weighed immediately to obtain fresh mass (FM), and then
only dierence being [CQ]. We carefully veried that the they were placed for 24 h in the dark in a beaker (3Gcrited
germination and seedling growth conditions were the same (bwith distilled water. After this, they were reweighed to aibt
using a small growth chamber (BINDER KBWF 240, BINDERurgid fresh mass (TM), and dry mass (DM) after drying at
GmbH, Tuttlingen, Germany), with light, temperature, and RH80 C for 48 h. The relative water content (RWC), expressed as
control. Plants were grown under a randomized complete block percentage, was calculated as RW/{EFM-DM)/(TM-DM)]
design (D 60). 100%.
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Shoot Biomass derivatization, 70m of borate buer was added to 10r
Plants were harvested at the end of the experiment (41 days the fruit sap and 20m of reagent solution. The reaction
after transplanting), and 120 plants ( ve plants per treatment)mixture was mixed instantly and heated at &for 10 min.
were analyzed. The aerial parts (thereafter referred astshaoéfter the temperature was lowered, an aliquot of the reaction
biomass, including leaves plus stems and petioles) were driexixture was used for injection. The column was an Acquity
and the dry weight determined after a minimum of 72hBEH C18 1.7m, 2.1-100 mm (Waters), and the wavelengths
at 65C. The specic leaf area (SLA) was calculated as therere set at 266 nm (excitation) and 473nm (emission). The
ratio between the area and the dry weight of leaf discs dcolvent system consisted of two eluents: (A) AcE@-ultra

6.91 crd. eluent A concentrate (5%, v/v) and water (95%, v/v); and
(B) AccQTag-ultra eluent B. The following elution gradient
Leaf N-Total Concentration and Stable procedure was used for the analysis: 0—0.54 min, 99.9% R0

, B: 5.74min, 90.9% A 9.1% B: 7.74min, 78.8% /21.2% B:
Carbon, Nitrogen, and Oxygen Isotope 8.04min, 40.4% A59.6% B: 8.05-8.64min. 10% 80% B:

Comp_osmon ) 8.73-10min, 99.9% A0.1% B. The injection volume was 1

Total nitrogen concentration and the stable carbdiG/*?C) |y with a ow rate of 0.7ml min . The temperature of the
ASN/1AN) i i0s i ' S ;

and (°N/*N) isotope ratios in the whole pool of shoot colymn was maintained at 56. External standards (Thermo

leaves were measured using an elemental analyser (Flasfientic) were used for the quanti cation of the amino asid

1112 EA, ThermoFinnigan, Germany) coupled with an isotopgnq Empower 2 (Waters) software for data acquisition and
ratio mass spectrometer (Delta C IRMS, ThermoFinnigany ocessing.

Germany), operating in continuous mode. Samples of 1 mg
and reference materials were weighed into tin capsules,cseal&tatistical Analysis

and then loaded into an automatic sampler (ThermoFinniganpata were subjected to factorial ANOVA to test the e ects of
Germany) prior to EATIRMS anaIyS|_s. I\,/Ieas_urements‘ Werghe growing conditions ([C@] and water regime), genotype,
carried out at the CCIT (Centres Cientics | TecnologicS)ang their interactions. Mean comparisons were performed
of the University of Barcelona. Nitrogen was l(;xpres_sed afsing Tukey's honestly signicant dierence (HSD) test. A
a concentration (percent of dry weight). Th]éC?{ Co ratios  pjvariate correlation procedure was used to calculate thesBaa
vxigrelzexpressetlj?’ nuiznotatlon (Coplen, 20“0)3 dt C (%) D correlation coe cients between the dierent traits measure
(*CI*Chsampid(T°C/ “Chstandard 1, Where “sample” refers 1o yyjtiple linear regression (stepwise) analysis was used tosmaly
plant - material an% 1standa_rd to international - secondarytne criterion included to explain variation in shoot biomassder
standards of knowr®C/*C ratios (IAEA CH7 polyethylene foil, - gj erent growing conditions. Principal component analysis sva
IAEA CH6 sucrose, and USGS 40 L-glutamic acid) Ca"brate%roduced to analyse the interrelationships among the shoot
agalnst Vlenng Pee Qeg Belemnite calcium carbonate.(VPD omass, leaf nitrogen concentration, and chlorophyll ot
with an analytical greﬂsmﬂ@ of %10%0- The saménotation  the stable isotope composition of C, O, and N, and the gas
was used for the*N/*N ratio (d*°N), but in this case UsiNg  exchange variables. Data were analyzed using IBM SPSS&tatisti
international secondary standards of knowdN/N ratios o4 (SPSS Inc., Chicago, IL, USA). Figures were created using
(IAEA Ny and IAEA N, ammonium sulfate and IAEA N© 3 sigma-Plot 11.0 program for Windows (Systat Software Inc.,
potassium nitrate) referred to Nin air, with an analytical  pgint Richmond, CA, USA). Finally, we performed path analyses
precision of 0-518%0- Lo 16 _ (Li, 1979 to quantify the relative contributions of direct and
_ For the "0, the '%0/'° was determined by an on- jngirect e ects of stable isotopes and other key traits on
line pyrolysis technique using a Thermo-Chemical Elementalyoyeground biomass. This methodology o ers the possibility
Analyser (TC/EA Thermo Quest Finnigan, Germany) coupledyf pyilding associations between variables that is based on
with an IRMS (Delta C Finnigan MAT, Germany). Samplesyyior knowledge. A path analysis determines simple corretetio
of 1mg were weighed into silver capsules, sealed and ovefatween independent factors (in this ca#&C), and regresses
dried at 60C for not less than 72h to remove moisture a”dthem on each intermedianG/Ca, g d'5N and N concentration)
Iogded into an automatic sampler. Results were expressed @Sgependent factor (shoot biomass) to obtain direct e ects in
d'®0 values, using two secondary standards (IAEA 601 anghe form of partial regression coe cients (i.e., path coe gits).
IAEA 602) calibrated against Vienna Standard Mean Oceanighis model was aimed at understanding biomass responses
Water (VSMOW) (Coplen, 201); the analytical precision was o genotypic di erences across water regimes under di erent
0.25%. Analyses were conducted at Iso-Analytical Limiteghyels of [CQ]. A model with a comparative t index (CFI)

(Crewe, Cheshire, UK). (Arbuckle, 199Y with values> 0.9 was taken as indicative
) _ of a good t. Data were analyzed using the Amos Graphics
Free Amino Acids package (IBM SPSS Amos, USA). A clustered heat map of amino

The free amino acids were extracted from leaves (frozeacid prole was built using the R statistics environment (R
at 80 C): the sap was extracted, after vortexing at 5,000evelopment Core Team, Vienna, Austria). Additionally, afte
rom (10min, 4C), and analyzed by the Acclag-ultra generating a correlation matrix of all parameters analyzed i
ultraperformance liquid chromatography (UPLC) method R, we performed a network analysis of signi cant correlation
(Waters, UPLC Amino Acid Analysis Solution, 2006). For(Pearson correlation coe cientcut-o of 0.7 anB< 0.05) under
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ambient and elevated [CPusing Cytoscape softwargifannon Effect of Growing Conditions and

etal., 2008 Genotype on Gas Exchange and Stable
Isotope Signatures
RESULTS Water stress signi cantly decreased the leaf nep@8similation
) o (A), stomatal conductance {g the intercellular to ambient C®
Effect of Growing Conditions and concentration Gi/Cy), the stable oxygen isotope composition
Genotype on Shoot Biomass (d*80) and the nitrogen concentration (N), whereas the water use

Compared with control plants water stress negatively a ecte@ ciency (WUE), the stable carbon isotope compositiott{C),
shoot biomass (SB), plant height (PH), and the leaf wateand the stable nitrogen isotope compositiod"N) increased
potential @ ), whereas leaf chlorophyll (LC) content slightly and no signi cant di erences existed for the transpiration (T)
increased and no dierences existed in the specic leaf are@lable 2. Rising [CQ] signi cantly increased A, g T, G/Ca,
(SLA), relative water content (RWC), leaf osmotic potentiaWUE, and d'®0, whereas Nd'*C and d**N decreased. The
(9 p), and anthocyanin contentTable 1). Increasing ambient genotypic e ect was signi cant for all traits except Aand T. The
[COy] signi cantly increased SB, PH, LC, anthocyanin, ghgd, interaction between WR and [C£ was signi cant for all the
whereas all the other traits reported iFable 1 decreased. A traits except®O (P D 0.060) and T. The interactions between
genotypic e ect was signi cant for all the traits except RWC,genotype and [Cg] were signi cant for A, g, Ci/Cy, and WUE,
anthocyanin, an® p. and near signi cant for T P D0.056), whereas the interaction
The interactions between water regime (WR) and [f®ere  between genotype and WR were also signi cant {9y C,, and
signi cant for all the traits ofTable 1except RWC, anthocyanin, WUE. Except for an interaction between genotype and WR for
and 9, meaning that, except for these two traits, the responsé-°N, no interactions between genotype and growing conditions
to water regime diered depending on [C£ Most of the were found.
interactions of genotypes with growing conditions were not Given the signi cance of the interactions between WR and
signi cant, even when it is worth to mention the signi cant [CO] for most of the traits inTables 1 2, a subset of traits in
interaction between genotype and [G[dJor SB. these tables was analyzed across water regimes within e@gh [C

TABLE 1 | Water regime, CG concentration and genotype effects on biomass, growth pareneters, anthocyanin content, and leaf water status of fourweet pepper
genotypes grown under different combinations of CQ@ concentration and water supply.

SB PH SLA LC anthocyanin RWC 9w 9p
WATER REGIME
Control 10.48% 0.18 39.802 0.59 946.582 2250 44.12° 046 0.172 0.03 85882 0.74 3.88° 0.18 7.172 0.16
Mild water stress 863 019 36.40P 061 920833 2324 46202 0.47 0.242 004 85042 077 518> 018 6872 0.16
Moderate water stress 6.3% 020 3509P 064 860.20° 2554 45718 052 0.18% 002 85872 085 6522 020 6982 0.8
CO, CONCENTRATION
400 ppm 7.78 014 3590 0.46 996.30 17.63 43.89 036 0.3 001 8870 0.58 490 0.14 772 012
800 ppm 952 0.17 3888 055 82262 21.07 47.15 043 027 003 8187 0.70 5.49 0.16 6.21 0.15
GENOTYPES
Coyote 7939 021 37.30P 067 919522P 2566 46.323 052 0222 004 85532 085 53228P 020 7.022 0.8
Herminio 8.76°°C 0.22 40.208 0.70 867.487 2692 46872 055 0.212 0.03 86482 0.89 5213P 021 7102 0.19
Tallante 8381 022 3427° 072 965422 27.36 43.36° 056 0.16% 0.05 85962 091 5402 021  7.03% 0.19
Velez 9.3% 024 37.05° 078 886.928 2079 4466°¢ 061 0.19%2 003 84402 099 460P 023 6892 0.21
LEVEL OF SIGNIFICANCE
Water regime (WR) 214.01%* 455,48+ 38058 60.31** 0.15"S 0.95"s 76.42%% 2.54"8
CO, concentration (C) 52,15%* 153.01%** 521286+ 183.80%** 0.32%%* 806.83* 5.86%* 49.06%*
Genotype (G) 9.12* 370.48%+ 155183* 116.74%%* 0.0% 25.870S 7.60* 1.79ns
WR x CO, 33.36%* 260.37%* 109438* 48.09* 0.09s 9.69"s 0.77"s 8.16"S
WR x G 3.8218 12.88"s 352201 % 20.45"S 0.52* 50.87"S 3.27" 13.23*
CO, X G 16.57%* 29.27"s 53189NS 32.64NS 0.03"s 149.20% 2.01"8 6.09"s
WR X CO, X G 9.37"8 15.75"S 316187+ 56.05"S 0.25"s 122.070S 10.96"S 8.16"s

SB, shoot biomass (g DW); PH, plant height (cm); SLA, speci ¢ laarea (cn?/g); LC, leaf chlorophyll content (SPAD units); anthocyanin content (abgbance g * dry matter); RWC,
leaf relative water content (%)9 v, leaf water potential (bar)9 p, leaf osmotic potential (bar).Values within each water regime are the mesin SE of 40 measurements (two levels of
CO;, concentration, four genotypes, and ve replicates per genotype), C@ concentration values are the means SE of 60 measurements (three water regimes, four genotypes, and
ve replicates per genotype), while genotypic values are the means of 30 SE measurements (two CQ concentrations, three water regimes, and ve replicates per genotype). For
each replicate a single plant was used. Means followed by differenttters are signi cantly different (< 0.05) according to Tukey's honestly signi cant difference (HSD) test. Arlgsis of
variance for the same variables is shown for the water regime (WRJO, concentration (CQ;), genotype (G), and interaction (WR x C8), (WR x G), (CQ x G), (WR x CQ x G) effects.

ok

The associated percentage of the sum of squares and probabilities (ns, naigni cant; *P < 0.05; “P < 0.01 and ™"P < 0.001) are shown.
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TABLE 2 | Water regime, CGQy concentration, and genotype effects on gas-exchange pararaters, carbon, oxygen, and nitrogen isotope composition, ad nitrogen
concentration of four sweet pepper genotypes grown under dferent combinations of CGQ concentration and water supply.

A Os CilCa T WUE N (%) d13C (%o) 180 (%o) dSN (%o)
WATER REGIME
Control 13.032 0.8 314512 1071 0.798 0.01 4.16% 0.39 3.34° 0.15 6.062 006 42.46° 0.10 265552 0.09 2.35° 0.06
Mild stress 13.012 020 211.84° 1166 0.74P 0.02 3.152 042 4272 027 541° 006 41452 010 26.21P 0.09 2422 007

Moderate stress 1168 020 169.32¢ 11.48 0.69° 002 3.382 041 4502 025 4.66° 006 41172 010 26.20° 0.09 2.60% 0.07
CO, CONCENTRATION

400 ppm 1012 020 222.02 1309 069 001 311 030 351 011 554 005 3532 008 2612 007 312 0.05
800 ppm 1501 021 25156 1321 0.78 001 4.01 031 455 022 527 005 4803 008 2656 007 179 0.05
GENOTYPES

Coyote 12582 0.21 206.02° 1260 0.71P 0.02 3.952 045 4072 0.8 5533 007 41.89° 012 26348 011 2672 0.08
Herminio 1296 023 213.01° 1347 073" 001 3.022 049 4572 035 510° 006 41.74°> 012 26482 0.10 2433 007
Tallante 1227 023 280.78% 1354 0772 002 3.85%2 049 338" 012 5652 007 42.17° 012 26502 0.11 224> 0.08
Velez 12560 0.22 244.13% 1252 073" 0.02 3.522 045 4.06 030 532 0.06 41.132 011 26.03° 0.10 2473 0,07
LEVEL OF SIGNIFICANCE

Water regime (WR) ~ 59.20% 389424 0.16%* 18.2% 27.84%% 32.21%% 22.12%% 2.82* 1.07*
CO, concentration  701.39%* 22051* 0.20%* 20.67* 30.60%* 1.90%* 4143.95% 5.02%* 45.24%%%
(CO)

Genotype (G) 0.59s 73058+ 0.05** 10.02' 18.26%** 435w 7,020 3.75% 1.84%
WR x CO, 11.44* 36743* 0.03* 27.028 8.99* 10.72%% 13.73% 1.70s 4.86%*
WR x G 12.84"8 68741* 0.04* 31.11"8 9.20% 0.13"s 3.20M 1.81"8 2.44*
CO, X G 51.42%% 93735%+* 0.07%* 36.79S 26.51%+ 0.08"s 1.93" 0.77"s 0.27"s
WR X CO, X G 13.55"8 34002." 0.03* 27.71M 12.51* 0.46" 1.95"S 3.87"s 1.11"8

A, leaf net CQ, assimilation (mmol CO, m 2s 1); gs, stomatal conductance (mmol CQ m 2g 1); Gi/Cj,, intercellular to ambient CQ concentration; T, transpiration rate (mmol HO
m 2s 1); WUE, water use ef ciency (rmol CO, mmol H,O 1); N, nitrogen concentration (% DW){3C, stable carbon isotope composition %), d'8O stable oxygen isotope composition
(%0); d*°N, stable nitrogen isotope composition %.). Values within each water regime are the means SE of 40 measurements (two levels of C@concentration, four genotypes, and ve
replicates per genotype), CQ concentration values are the means SE of 60 measurements (three water regimes, four genotypes, and ve rephbites per genotype), while genotypic
values are the means SE of 30 measurements (two CQ concentrations, three water regimes, and ve replicates per genotype). Foraeh replicate a single plant was used. Means
followed by different letters are signi cantly different (R 0.05) according to Tukey's honestly signi cant difference (HSD) test. Argsis of variance for the same variables is shown for
the water regime (WR), CQ@ concentration (CQ), genotype (G), and interaction (WR x C§), (WR x G), (C@ x G), (WR x CQ x G) effects. The associated percentage of the sum of

o

squares and probabilities (ns, not signi cant;P < 0.05; “P < 0.01 and ™P < 0.001) are shown.

(Table 3. At atmospheric [CQ] the water regime signi cantly The single correlations between the signatures of the di eren
aected SB, A, g C/Ca, N, andd'80, and the e ect ford!3C  isotopes against SB were plotted for each §{Ci@vel across the
(P D 0.068) andd'>N (P D 0.057) approached signi cance, three water regimest'3C correlated negatively against SB at
whereas at high [Cg} the water regime signi cantly a ected all high [COy], whereas the negative relationship at atmospheric
the traits excepti0. The genotypic e ect at atmospheric [GD  [CO,] did not reach signi cance Figure 1A). By contrasi80
was signi cant for all the traits, excemf®N (P D 0.057) and correlated with SB in a weak, albeit signi cant, positive mann
SB, whereas at high [GDthe genotypic e ect was signi cant at atmospheric [CQ], whereas the positive relationship did not
for all the traits excep™®N and d'80. Interactions of genotypes reach signi cance at high [C&) (Figure 1B). d'®N correlated
with WR at atmospheric [C@] were only signi cant for A, negatively with SB at high [C&hwhereas no correlation existed
Gi/Ca and d'80, whereas at high [C§) no interactions were at atmospheric [C@] (Figure 10. The nitrogen concentration
detected. correlated positively with SB at both [GDlevels Figure 20
in a stronger manner than any of the three stable isotopes. In

. . ) . addition, the N concentration correlated negatively widh’C
Relationships of Shoot Biomass with Gas at atmospheric [C@)| and in a far stronger way at high [C£D
Exchange and Stable Isotopes (Figure 2A). Moreover, d'3C correlated with the total shoot
The range of A rates measured across the dierent watenitrogen content (calculated as a SB x N/100) in a weaker raann
conditions at the end of the experiment was only weaklyr D 0.43 and 0.64, bothP < 0.01, for 400 and 806mol
correlated with SBr(D 0.34,P < 0.05) at atmospheric [C§ mol 1 [CO;], respectively) than the nitrogen concentration
and was not correlated at high [GD (data not shown). In alone Eigure 2A). In contrast the N concentration correlated
fact, while A and g were less a ected by water limitation at negatively withd'>N only at high [CQy] (Figure 2B) and a weak
high compared to atmospheric [CQ) the opposite occurred for positive correlation existed between nitrogen concenpratnd
leaf growth, where the greatest decrease in biomass occatre d'®0 at atmospheric [C@] (r D 0.33,P< 0.05; data not shown).
high [CO,]. Moreover, g correlated positively with the N concentration at
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TABLE 3 | Effect of water regime treatments in each C@ concentration (400 and 800 ppm) on shoot biomass, gas-exchage parameters, nitrogen content, and carbon,
oxygen, and nitrogen stable composition.

SB A gs CilCa N (%) d13C (%) 4180 (%) 5N (%)
CO, 400 ppm  Control 9582 126 10.992 1.28 317.362 87.93 0.762 0.03 6.09% 0.24 35612 0.31 26.38% 041 3.122 0.44
Mild stress 728 059 10.882 151 22564° 61.92 0712 005 522° 057 35132 0.70 25.86° 025 3.272 0.33

Moderate stress ~ 6.5° 056 8.65° 1.29 126.65° 51.86 0.62° 0.07 527° 031 35122 0.83 26.08%P 021 2.982 0.26

Level of Water regime (WR) ~ 77.59%* 49,23 258979+ 0.14%%* 7.18 1.83s 1,71 0.74ns

signi cance Genotype (G) 1.23"s 19.42%+ 39535* 0.04%*+ 1.92%+ 487 2.51%* 0.098's
WR X G 3.21Ns 19.46* 29874 s 0.04* 0.57Ms 35018 1.47* 0.471s

CO, 800 ppm  Control 11.99%2 2.06 15.682 1.20 312.908 84.00 0.822 0.04 6.042 0.25 4859® 0.61 26.692 0.60 1.67° 0.47
Mild stress 1023 092 14.862 1.47 217.38" 9296 0.77% 0.07 5.63° 046 4855° 0.65 26.682 0.75 1.39° 0.48

Moderate stress 6.2F¥ 1.03 14.632 1.22 203.60° 77.78 0.75° 0.08 4.14° 040 46.882 0.83 26.362 0.80 2.232 0.38

Level of Water regime (WR) ~ 257.65%* 10.59% 110428%+* 0.03** 30.50% 30.78%* 1.19's 4.26%
signi cance Genotype (G) 23.08%* 2367 111626%* 0.07*** 2.53%%* a1+ 1.39Ns 0.59 s
WR x G 13.96" 11.36MS 54817"S 0.021s 0.24 s 2.350Ns 3.17"Ns 1.90Ns

Means followed by different letters are signi cantly different (R 0.05) according to Tukey's honestly signi cant difference (HSD) test. Arlgsis of variance for the same variables is
shown for the water regime (WR), genotype (G), and interaction (WR X €ffects. The associated percentage of the sum of squares and probabilitiesgnnot signi cant; “P < 0.05; “P

ok

< 0.01 and ""P < 0.001) are shown. Values within each water regime are the means SE of 20 measurements (four genotypes and ve replicates per genotype). For ehaeplicate
a single plant was used.SB, shoot biomass (g DW); A, leaf net GQassimilation (nmol CO, m 2's 1); gs, stomatal conductance (mmol CG m 2's 1); G/C,, intercellular to ambient
CO, concentration; N, nitrogen concentration (%, DW)dL3C, stable carbon isotope composition #o), 80O stable oxygen isotope composition %o); d*>N, stable nitrogen isotope
composition.

both [CO,] levels, and while it also correlated with SB, this washree water regimes combined, the rst variable chosen tg th
only at atmospheric [Cg] (Figure S1)Ci/C, correlated with the  model was g which on its own explained 30% of the variability
N concentration and SB in a similar way, but in a somewhatn SB. The second variable chosen by the model was N, with the
weaker manner thang two variables explaining together 44% of the variability BL S
In order to get an overall view of the relationships betweerAt elevated [CQ] and the three water regimes combined, the
shoot biomass and all the di erent physiological traits, apipal  rst variable chosen by the model was N concentration, which
component analysis (PCA) was undertaken that included SBn its own explained 51% of the variability in SB. The second
and LC together with the gas exchange traits and stablepsotovariable chosen by the model was Ci with the two variables
signatures inTable 2 For all the water regimes and [GD explaining 58% of the variability in SB. In control condit®n
combined, the two rst components explained 60% of variapilit and both [CGQ] combined, the rst variable chosen by the model
SB was placed nearly oppositefldC andd'®N and surrounded, wasd!3C, explaining 34% of the variability in SB. The second
at a certain distance, bg!80, N and the A, g, C/C,, and T  variable chosen by the model was the two variables together
gas-exchange parameters, whereas LC was placed further awaglaining 44% of the variability in SB. Under mild stress and
(Figure 3A). For the three water regimes at atmospheric [FO both [CO,] combined, the rst variable chosen by the model was
the two rst component axes of the PCA accounted for morealsod!3C, which on its own explained 76% of the variability; the
than 62% variability. In this case SB, and particularly N,aversecond variable chosen by the model was N concentratioh, wit
placed clearly opposite td'3C, LC andd'®N, with the rst the two variables together explaining 81% of the variakiitityB.
isotope the furthest away and the second the closest to thercenConcerning the moderate stress, only T was chosen by the mode
(Figure 3B), whereasCi/C, (together with N) surrounded SB. and it explained merely 16% of the variability in SB.
The rest of the gas exchange traits were placed mgyaitd T) or
less (A) close t€i/Ca, whiled*®0 had the least alignment to SB. Path Analysis
In the case of the PCA for the three water regimes at high{[CO Further, we used the traits best correlated with shoot bissrta
the two rst component axes explained around 55% of variahilit develop a conceptual model via a path-analysis. Besides SB, the
As in the previous PCAgJ3C and d'®N were placed opposite model includedd*3C and d'>N, (as time-integrated indicators
to SB, whereas for the rest of the parameters only N was placefl water conditions and nitrogen metabolism, respectively),
relatively near SB and all the gas exchange traits, togetitler together with the N concentration and the gas exchangegrait
d*®0 and LC, were placed on the same side of the representatiag and G/C, (Figure 4). In this case only the models across
as SB but far away from i{gure 3Q). water regimes within each of the two [GDevels were assayed,
The relationships between SB with the dierent traits ofbut excluding the model combining the two [G]) because the
Table 2 in combination were assessed through a stepwisei erent d'3C of the ambient air and the compressed £@t
regressions analysigdble 4. At atmospheric [CQ] and the atmospheric [CQ], both the g and N concentration had quite
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FIGURE 1 | Relationships of shoot biomass with the stable isotope
compositions of (A) carbon (d*C), (B) oxygen @°0), and (C) nitrogen @*N) FIGURE 2 | Relationships of leaf nitrogen concentration with the stde
analyzed in the leaves of sweet pepper grown hydroponicallynder different isotope COWDOSitiOHS of (A) carbon (d=C) and (B) nitr-ogen @°N) and the
[CO,] and water regimes. Levels of signi cance: ns, no signi cant*P < 0.05 (C) shoot biomass of sweet pepper grown hydroponically under dferent
and *P < 0.01. [CO,] and water regimes. Levels of signi cance: *® < 0.01 and ***P < 0.001.
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FIGURE 3 | Principal component analysis of shoot biomass (SB) and défent physiological traits related to the photosynthetictranspirative, and nitrogen status of
the plant were set for four sweet pepper varieties grown unde(A) three different water regimes (WR) and two [C&] combined, (B), three water regimes at
atmospheric [CO,], and (C) three water regimes at high [CQ]. The physiological traits included as variables are: thetable carbon, oxygen and nitrogen isotope
compositions C, d® O, d°N), the nitrogen concentration (N), the chlorophyll conter(LC), and the net CQ Assimilation (A), transpiration (T), stomatal conductaec
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TABLE 4 | Multiple linear regressions (stepwise) explaining shooidmass (SB)
variation across genotypic groups in each C@ concentration and all water
regimes (WR) combined and in each water regime condition anall [CO,]
combined as a dependent variable, and all the gas exchangeadits and stables
isotope signatures and nitrogen concentration in the same i@wing conditions as
independent variables.

asparagine, threonine, alanine, proline, cysteine, and e&glin
spite of some genotypic di erences the [GIOx water regime
interaction highlighted that, although elevated €@nd water
stress led to a decrease of amino acid levels, this decreadess
clear under mild compared with the most severe water stress.
Based on signi cant correlations between trait pairs we

Dependent - Growing condition  Variable R?  Final stepwise built a correlation network for ambient and elevated [gJO
variable chosen model . . . . .
treatments, including amino acid content (Figure S2). They
sB CO, 400 ppm gs 0.30"*  SBD 0.006 gs showed similar number of nodes (32 and 31, respectively) and
(all WR combined) .\ 0.44%+ C1.06NC 053 edges (128), although there were some di erences with more
negative correlations under elevated [gOIn both networks
SB CO, 800 ppm N 0.51** SBD 2.73 amino acid levels were positively correlated between them.
(@l WR combined) . cjc, osg++ N 0.02CC48  However, most amino acids correlated positively with shoot
biomass under elevated [G] while at ambient [CQ] only
SB Control _ dsc 034 SBD 018d°C  cysteine and tyrosine did. In ambient [GDnetwork (Figure
@l CQ combined)  §i3c; g 0.44rx  0.0088sC549 oAy aming acids levels were also positively associated with SLA
_ . s N content, andd*®0 and negatively wittd'>N. By contrast, in
sB Mild stress @sc 076 SBD 024d°C g0 ated [CQ] network (Figure S2B) amino acids levels were
(all CQ combined) d3c: N 0.81+** 0.76 N C 2.76 X - . L N
' associated with more traits: positively with PH, A, and N conten
SB Moderate stress T 0.16* SBD 0.08T and negatively with RWQ9 v, dlgC’ T, andd**N.
(all CQ, combined) C 6.67

Levels of signi cance: *P < 0.05 and ***P < 0.001. Abbreviations for variables are as
de ned in Table 2.

DISCUSSION

Water stress a ected negatively plant growth as compared with
control conditions and regardless the [Gassayed. Water
stress also decreas8q, but did not have any e ect on RWC
and 9 p. These kinds of responses do not support osmotic
adjustment, which contrasts with the available literateeg.,

e - iodlEn Woullschleger and Oosterhuis, 1991; del Amor et al., 2046d
N was small, whereas there was no direct relatiod’dN on .y he due to the mild to moderate nature of the water stress

the N concentration. At high [C@] most of the direct e ecton  55jieq | fact, the relatively small (but signi cant) chasgin
shoot biomass corresponded to the N concentration, wheteas t 5 rates, g LC, andd'3C and the lack of di erences for SLA
e ect of gswas minor and apparently negative. The direct e ect of
gs0on C;/Cawas very strong but its direct e ect aftC was minor.
However, the e ect off:3C on N concentration was stronger than
atmospheric [CQ] and included a direct negative e ect, together
with an indirect e ect mediated through changesdtPN.

similar direct positive e ects on the shoot biomass. Howeuyer,
also indirectly a ected N concentration through its strongett
e ect on G/C, andd'3C. Thus,d'3C was negatively related with
the N concentration in dry matter. The relationship d¥C on

and anthocyanins under stress compared to control condgion
support this statement. Moreover, although anthocyanins have
protective functions during drought stress, their contrifmn to
osmotic regulation might be low\anetas, 2006

The e ects of high [CQ] on increasing plant growth and
biomass have been widely reported in many plant species
Amino Acid Pro le and Network Analysis including pepper del Amor et al., 201)) with the positive e ect
The pro le of 17 amino acids were assayed in the leaves of tHeeing less evident at the most severe water stfesSielas et al.,
four sweet pepper genotypes grown under contrasting JICO 1995; Medina et al., 20).6The decrease in SLA has also been
and water regimes and plotted in a hierarchically clusteredeported following increases in [C (Pefiuelas et al., 1995;
heat map Figure 5). The signi cance of the three main factors Pifiero et al., 200)@and as a consequence of water stressdt al.,
and their interactions revealed that water regime, f@nd 2019. These results suggest that the leaf thickness of mesophyll
the COQy x water stress interaction were the most relevanpacking increased in response to high [gJ@Oberbauer et al.,
conditions a ecting amino acid contents (all of them except1985. The LC and anthocyanins also increased in response to
lysine, methionine, and histidine). Although genotypiciahility  high [COy]. Previous results in pepper only exhibited a trend
was only signi cant for three amino acids (proline, glycine,toward higher chlorophyll content following exposure to high
and glutamate), the interaction genotype by [g]@ ected nine  [CO2] (Pefiuelas et al.,, 1995The increase of anthocyanins
amino acids, almost exactly the amino acids that were altereunder elevated [Cg], as it was also observed irakatani et al.
under the CQ x water regime. C@ enrichment signi cantly (2014)in response to higher carbon/nitrogen balance observed
decreased the content of 8 amino acids (serine, asparagineder these growth conditions. Indeed, the accumulation of
glutamate, threonine, proline, cysteine, and valine), antled anthocyanins is an indicative of nitrogen limitation in thpdant
to decrease the content of other amino acids, and only irswda according to these authors. The high sucrose levels usually
the levels of tyrosine. Water stress, regardless of the iggverreported under elevated [C) might stimulate the expression
decreased the contents of eight amino acid (serine, glycinef MYB75/PAPL1 transcription factor that further enhances the

Frontiers in Plant Science | www.frontiersin.org 10 January 2018 | Volume 8 | Article 2180


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Serret et al. Dissecting [CG] and Water Interactions in Pepper

production of anthocyaninsTzin and Galili, 201} Moreover,
the levels of tyrosine, a precursor of anthocyanins, weraded
under elevated [Cg] and they could also induce the anthocyanin
6N biosynthesis, as showed #rabidopsis thaliangZhou et al.,
2019. Regarding the genotype x water regime interaction, we
observed that in most of the genotypes anthocyanin content
[—:J increased with water stress as a response to water limitation
However, in the case of Coyote we observed a reduction of
anthocyanins with water stress; that could suggest a limitat
of the protective functions of anthocyanins in response toawat
i/Co 1 & | | Shoot Bi | stress in this genotype, which in part accounts for the lowesbs
biomass of this genotype.

In addition, high [CO] decreased leaf RWC ar@l,,, and
increasedd p. A previous study in pepper found a tendency
to lower 9 in response to high [Cg] under well-watered
conditions, whereas the RWC increased regardless of the wate
regime considered, and th® p increased but only under
water stressdel Amor et al., 201)0 However, the high [CQ)|
concentration assayed in this paper was nearly three timéehig
than in the present study. The e ect of high [GDdecreasing
water status seems fairly surprising, but it may be due togelar
transpiration area compared with plants grown under normal

A General Model

B €O, 400 ppm

[CO2].
.o.gaswl : 0.45%** As expected high [Cg) increased A and WUE compared
! 5 — | with atmospheric [CQ], but surprisingly did not decreasesg
G/c, [« g | ShootBiomass and transpiration under control and mild-stress conditigrsd

even these rates increased under moderate water stressalh sm
number of studies have noted similar patterns, including kvor
X=4.67, P=0.58 on sweet pepperdge! Amor et al., 2010; del Amor, 20l dther
CA=1 herbaceous crop$/orison, 1998; Medina et al., 20)l&nd in tree
species that were not acclimatedddlyn et al., 20011 The results

of the current study suggest that there was no acclimationsof g
to elevated [C@)]. Moreover, the response of photosynthesis to
growth in elevated [Cg] is commonly tested by comparing the
gas exchange of plants grown at atmospheric- and highs|GO
the same [CQ] across both sets of plants (elgrake et al., 1997,

G A 'E'j“ Curtis and Wang, 1998
-0.18 \~\;Q2<,

0.90%x* —~ -0.
a/c, & |

C 0,800 ppm

Effect of [CO ,] and Water Regime on d'3C,
d'80, and d®N
The increase ird3C under water stress is in line with earlier
work (Farquhar et al., 1982, 198%However, the e ect was more
= 21.60, P=0.001 evident at high [CQ], which agrees with the ndings afel Amor
CF1=0.92 (2013)for sweet pepper plants that were subjected to di erent
levels of salinity under these two di erent [GD This may be

3 . . . -
FIGURE 4 | Path analyses of four sweet pepper varieties grown under due to thedl C dilution _e ect of _the CQ useq to raise the air
different water regimes and two [CQ]. The conceptual model quantifying the [CO2] up to 800 ppm (i.e., the industrial COis a by-product

relative strengths of direct and indirect relationships ajas exchange, stable of combusting fossil fuels and therefore W&°C is far more
isotope compositions and nitrogen concentration on shoot liomass (SB) is negative than atmospheric Qg) |ndeed,d13c decreased around
shown in (A). Physiological parameters included in the model are: gy stomatal 3%o for each 100mmol mol 1 of increase in [CQ], which is
conductance; Cj/Cy, the ratio of the intercellular vs. the atmospheric [Cg); in li ith . t $chubert and Jahren. 2012 del
d=C, carbon isotope composition; d°N, nitrogen isotope composition and N In finé with previous repor S ! !
concentration of leaves. The width of arrows is proportioniato the path Amor, 2013- Therefore at hlgh [CQ, water stress slows the
coef cient values. Dashed lines indicate negative relaticships. Overall t increase of new biomass with lowdt3C. The e ect (pointed
statistics for each path model (X and comparative t index, CFl), the latter out above) of high [CQ] decreasing water status due to a larger

useful for small sample sizes (with values 0.9 taken as indicative of a good

i transpiration area, compared with plants grown under normal
t), are shown at the bottom right of each panel. *P < 0.01, ***P < 0.001.

[CO2], may be also involved in the larger rangedb?C values as
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FIGURE 5 | Hierarchically clustered heat map of amino acid content oblur sweet pepper genotypes (TA, Tallante; CO, Coyote; HE, Himinio; VE, Velez) grown
hydroponically under different [CQ] (aCO,, ambient [CO,]; eCOy, elevated [CGy]) and water regimes (A, control; B, mild water stress; C, magtate water stress).
Values were scaled in the row direction as presented in the dor key. Signi cance of main factors (WR, water regime; CQ, [CO>]; and G, genotype) and their
interactions are shown as black cellsR < 0.05).

response to water stress. Thus, at high (e absolute changes increasing atmospheric carbon dioxide concentrations mayeh
in d3C were more in parallel with the SB than with the netsigni cant indirect e ects on heavy stable isotope enrichrhen
assimilation orC/C,. In that regard d'3C correlated negatively in leaf water. This would result from the expected decreases
with SB across water regimes at high [gCbut the negative in transpiration and increases in WUE by plants as [fO
relationship did not reach signi cance at atmospheric [gJO levels increases@mus and Jarvis, 198TThe processes leading
Signi cantly, stronger negative relationships betweBfC and to concentration of the heavy isotopé80 in leaf water are
SB at high vs. atmospheric [GDhave been reported before similar in many respects to evaporation, which alters theopimt
for sweet pepper when plants growing across di erent levels afomposition of terrestrial surface waterSqoper and Norby,
salinity were comparedde! Amor, 2013 Moreover, genotypic 1994. Alternative explanations for the increasedtO at high
e ects on d3C were signi cant at both [C@)]. To the best of [CO>] are not supported by our results. Indeed, a higher CO
our knowledge there are no studies reporting on the genotypicelease due to photorespiration at atmospheric compared with
variability in d*3C of sweet pepper under di erent levels of water high [CO,] levels would cause an increaseffiO at atmospheric
stress and [Cg). [COy] levels Farquhar et al., 1993which does not agree with
Water stress slightly decreaséO but only at high [CQ].  the increase we found id'80 at high [CQy]. Changes in gdo
Such decreases #80 in response to water stress and a lowemot seem to be involved because, regardless of the presence or
transpiration are opposite to most of the repor8afbour and absence of di erences insgvithin a given water regime between
Farquhar, 2000; Farquhar et al., 2007; Cabrera-Bosqudt, et the atmospheric and high [Cg), all water regimes at high [C£)
2009a, 201)1 The increase ird®0 in plant material exposed exhibited higherd!®O than the corresponding water regimes
to high [COy] has been reported before and may be caused bagt atmospheric [C@]. Moreover, genotypic variability was only
increases in the*®0 of the leaf waterQooper and Norby, 1994  signi cant at atmospheric [C@). In spite of some positive results
Although it has been shown that the oxygen isotopic conten{Barbour et al., 2000; Cabrera-Bosquet et al., 2)Ghe weak
of atmospheric carbon dioxide has little direct in uence dmet performance ofi'®0 in correlating with biomass and yield has
d'80 of either leaf water or cellulos®€Niro and Epstein, 1979  been extensively reported\(aus et al., 2013; Bort et al., 2014;
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Foulkes etal., 2016; Munjonji et al., 20IBhis poor performance was positively correlated with the;¢r D 0.36,P < 0.01;r D
appears to be caused by post photosynthetic fractionationseof tf9.51,P < 0.001, at atmospheric and high [G]D respectively),
180 signature in the photoassimilateS4nchez-Bragado et al., suggesting that the N concentration in leaves depends to some
2016. The same reasoning may be extended for the weak argktent on the transpirative strearélla Costa and Gianquinto,
erratic correlations o 80 with gas exchange traits adtfC that ~ 2002). This may be the case for plants growing under hydroponic
we found. conditions in particular, where water and nitrogen are praadd
Plants under the strongest water stress exhibited sligiaher  together through the nutrient solutionRefiuelas et al., 1995
d' N values than the other two treatments at atmospheric J;O and the transpiration stream largely determines the avditgbi
and the opposite occurred at high [GD Decreases irdf'®N  of mineral N in the rhizosphereGonzalez-Dugo et al., 20)L0n
following water limitation Araus et al., 2013; Bortetal., 20f  support of that, our results show a general decrease in thesabnt
growing conditions causing water stress, such as saliffityi$ of the di erent amino acids as response to water stress. Such
et al., 2009, 20)2have been reported before. The e ect of risingdecrease is nonspeci c, as shown by the fact these amino acids
[CO2] on d'°N was clearer than the e ect of the water regime;belong to di erent metabolic pathways@lili et al., 201 This
in this case decreasing the isotopic composition, irrespeaifv may highlight that primary substrate(s) for the synthesisatf
the water regime considered. Depletion of the heavier N jgeto amino acids were reduced, involving the provision of C skelgto
in plants grown under high [C@] and water de cit conditions or N. It has been reported for Arabidopsis plants that a reduction
has been reported before in a study with alfalfai{ et al., inthe levels of transpiration, decreased the capacity fapgin
2015, whereas another recent study, this time in durum wheatuptake and the shoot nitrogen concentration of the plant bulyon
concluded that elevated [CPwas the main factor that increased when water availability was not restrictédepworth et al., 2015
d'>N (Medina et al., 2016 The decrease id°N under elevated Increasing the [C@] had a signi cant, albeit minor e ect,
[CO2] may re ect decreasedsgbut could also be related to a decreasing the N concentration. In fact, the results of ameéase
higher nitrogen demand in leaves, as suggested by the decteain [CO2] decreasing N concentration were only signi cant at
in leaf N (Ariz et al., 201} or shifts in nitrogen metabolism the strongest water stress. A decrease in nitrogen coresrr
associated with decreases in photorespiratitrhgrkez, 2010 has been widely reported in non-leguminous plants following
The photorespiratory nitrogen cycle extending over di erentincreases in [CQ| (Jablonski et al., 20)2irrespective of the
plant compartments implicates several reactions related twater regimel{ledina et al., 2016 In fact, the predicted growth
nitrogen recycling that may have@N-kinetic isotope e ects(u  response to elevated [GDis reduced at low N availability
and Woo, 1991; Werner and Schmidt, 200Normally, the (McMurtrie et al., 2008; Vicente et al., 20)6in our study,
kinetic isotope e ects on these reactions should not becomeater de cit combined with high [CQ] caused the lowest SB and
evident when there is a total recycling of the intermediateN concentration in the leaves among the six di erent growing
without input or net production of substrates and products conditions.
(Werner and Schmidt, 2002 However, plants can excrete As expected at elevated [GPthe levels of photorespiratory
gaseous ammonid-(ancis et al., 1997; Pearson et al., J@&3a intermediates, glycine and serine decreasedider et al., 1998,
consequence of photorespiration. If the uptake/loss ogNitdm  1999; Yu et al., 2012; Aranjuelo et al., 2013; Noguchi et al.,
plant stomata is rate-limited by the di usion of N&lin air, the  2015. However, di erent to previous studies-(itz et al., 2006;
transported NH will be depleted ift°N by around 18%. relative  Krapp et al., 2011; Noguchi et al., 2)1the levels of (other)
to the d'®N of the source farquhar et al., 1980; Tcherkez andmajor amino acids (e.g., aspartate, asparagine, glutamate, an
Hodges, 2008 As a consequence an increasediiN may be alanine) decreased. Such decrease has been reported assgespon
expected as aresponse to photorespiration, which may be the casénsu cient nitrogen conditions; speci cally under NQ and
for plants exposed to atmospheric [Gocompared to enhance ambient [CQ)] conditions (Noguchi et al., 2015; Vicente et al.,
[CO2]. 2016H. This pattern suggests that in our system some limitation
The correlation ofd'®N with SB across water regimes wasof N availability may be present. Nevertheless, the relative
only signi cant (and negative) at the high [CQ The lack of decrease of glycine as response to inhibition of photorespirat
correlation at atmospheric [C& may be due, as fod'3C, to  (i.e., at high compared with ambient [Gf) was much lower
the relatively narrow range of variability in SB associatgéth  than that of serine which is against a low N availabiliBu(pice
the response to water regimes at atmospheric {C®egative etal., 2013; Noguchi et al., 2016n the other hand in agreement
relationships between!>N and SB and yield at atmospheric with previous studies the amount of minor amino acids (e.g.,
[CO2] have been frequently reportedr(binson et al., 2000; threonine, valine, cysteine, methionine, lysine, leuciat.)
Yous et al., 2009; Raimanova and Haberle, 2010; Araus et aflecrease at elevated [gI@Noguchi et al., 20105
2013. Summarizing the decrease in the amount of several amino
acids under elevated GQreported in our study may have
. . . several causes. Some of them, decreased probably due to the
Growing Conditions, N Concentration, and inhibition of photorespiration under elevated Gdglycine and
Plant Growth serine). The rest of the amino acids could have been reduced
The e ects of water stress decreasing the N concentration idue to the inhibition of N assimilation; this has been reparte
leaves have been extensively report8dagguan et al., 2000; in several plants under elevated g&uch as Arabidopsis and
Yous etal., 201). In accordance with this, the N concentration wheat @ranjuelo et al., 2013; Noguchi et al., 2015; Vicente et al.,
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20160. The inhibition of N assimilation under elevated G& enzymes (GS1 and GS2), indicating a co-regulation of primary
not completely understood, but it could be due, as reported irC and N metabolism&titt and Krapp, 1999; Vicente et al., 2015,
Vicente et al. (2016band in agreement with previous studies 2016a,b; Medina et al., 2016
(Bloom et al., 2010; Aranjuelo et al., 2)1t® (i) lower rates of As a consequence of the eect of water regime on N
photorespiration in elevated GOthat decrease the availability concentration, the trait best correlated with total bioraasgithin
of reductant in the cytosol, and inhibition of NQin ux into each of the two [C@] was the total leaf N concentration (and
chloroplasts; or to increased demand for NQo match the amino acid contents), although the correlation was stronge
increase in net photosynthetic assimilation in elevated>CO at high [CO,]. Overall, the results showed that greater plant
leading to a decline of the metabolic NOpool that restricts growth across water regimes was linked to an increase intshoo
induction of nitrate reductase and thus NCassimilation. N concentration associated to a higher transpiration streaven
Interestingly tyrosine was the only amino acid clearlywhen changesin N metabolism appear also involvéidg] et al.,
increasing as response to a high [gJOMoreover, under 2007; Medina et al., 20).6A study ofPefuelas et al. (19986n
water stress, high [C£) also increased phenylalanine. Both aresweet pepper also found that the e ect of [gJ@nd water regime
aromatic amino acids, which have low N/C ratios, involved asvas dependent on the accumulated N supply. All these studies
precursors in the synthesis of anthocyanin. In fact an inseea have plants grown under hydroponic conditions in common,
in both amino acids has been reported in Arabidopsis leaves athere irrigation and fertilization are provided togetherdigh
elevated [CQ] in NHE C NO; media (Noguchi et al., 2005 the nutrient solution under relatively low photosynthetic gba
which is our case (i.e., nutrient solution). Cysteine wasrsgly  ux density.
decreased under elevated [g]@egardless of water regime. It  The leaf N concentration was negatively correlated with
constitutes the rst stable product of the sulfur assimitatj and  d'3C within each [CQ] across water regimes, whereas nitrogen
acts as precursor of the majority of organic sulfur compoundgoncentration and g correlated positively (but in a weaker
(Hawkesford et al., 20).2 manner). Moreoverd'3C correlated with the total shoot nitrogen
Independently of [CQ], the levels of all amino acids were content in a weaker manner than the nitrogen concentration
correlated (Supplementary Material Figure S2). However, thalone. In fact, both the3C and nitrogen concentration were
relationships between amino acids with other physiologicaéxpressed on a dry matter basis, which may explain their better
traits varied depending on [C§). It was especially remarkable correlation.d™3C is not just an indicator of water use e ciency
that amino acid contents correlated positively with SB undeFarquhar et al., 1982, 198But it is also strongly negatively
high [CO;] and negatively with traits related to water statusa ected by the amount of available watefr@us et al., 1997,
(RWC, 9, d'3C, and T), while under atmospheric [GDthe 2003 and therefore when analyzed on a dry matter basis it
correlations between amino acids and other traits werecgcar may be considered an indicator on the total (i.e., throughe)
These ndings suggest that amino acid pool greatly in uencesvater used by the plant. Moreover, in the Principal Component
biomass accumulation under elevated [g@nd its amount is  Analysis the nitrogen concentration was placed clearly opposite
in uenced by leaf and plant water status in a highly-dependento d'3C. In other words, the negative relationship betweffC
manner. and nitrogen concentration on a dry leaf basis may be undebt
Decreases in transpiration associated with mass ow of so#s the nitrogen concentration in the leaves being, at leggsait,
solution, have been proposed to limit plant N acquisition. Inthe consequence of the amount of water transpired by the plant.
an experiment with cottonwood, where relative humidity andThe Path Analysis further supported the direct contributioh o
atmospheric [CQ] were manipulated to alter the transpirative the nitrogen concentration in determining total biomassvesll
stream, N gain was positively correlated across all treatsneith ~ as the positive role of an increased water use (assessed lthroug
root mass, and a signi cant portion of the remaining variatio a lowerd'3C of the dry matter) on the N accumulation. This
(44%) was positively related to transpiration per unit root massnodel worked better under high [C£). In sweet pepper growing
(McDonald etal., 2002 Thus, decreases in plant N concentrationunder hydroponic conditions, strong negative correlatiagsoss
under water stress are attributable in part to associatededses salinity levels for leaf3C with both g and nitrate accumulation
in gs and transpiration. However, other mechanisms may béave been reported, with the correlations being higher atadésl
involved for the decrease in plant N under [G0enrichment.  [COz] compared with atmospheric [C&) (del Amor, 2013}
Thus, in our study no clear dierences existed in the rates
of gs measured at di erent [CQ] and even transpiration was
increased at high [Cg) relative to atmospheric [Cg). Besides CONCLUSION
the potential e ect of diminishing transpirative stream, [GD
enrichment is reported to inhibit the assimilation of niteinto  The signatures of the three dierent stable isotopes are
organic nitrogen compounds3(oom et al., 2010; Vicente et al., signi cantly a ected by water regime, [C§), and genotypic
20160. This inhibition may be largely responsible for [GD e ects. However, the results do not support the usedBiO as
acclimation, that is, the decrease in photosynthesis andiro an indicator of the e ect of growing conditions and genotypes
of C3 plants after long exposures to [GPenrichment. Di erent  on plant growth. This study proves that the e ect of water
studies have shown that the e ect of elevated ff@n reducing regime on sweet pepper growth in a hydroponic system is caused
N content was related at the transcript level to a down-reiofa by changes in the amount of nitrogen assimilated, which is
of genes encoding for Rubisco subunits and N-assimilatiomssociated with the plant's water use. In that sense, the rdlé®f
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