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Abstract: Barley (Hordeum vulgare L.) is a crucial cereal crop globally, and its productivity is influenced
by environmental factors, including elevated carbon dioxide (CO2) levels and water stress. The aim
of this study is to investigate the effects of water stress and increased CO2 concentration on the
growth, physiological responses, and yield of two-row and six-row barley genotypes. Univariate data
analysis revealed significant effects of CO2 concentration on most traits except chlorophyll a (Chla),
crop antioxidant capacity as evaluated by the activity of plant extracts to scavenge the 2,2-diphenyl-
1-picrylhydrazyl (DPPH), and on the maximum quantum yield of photosystem II (Fv/Fm). Mean
comparisons showed that elevated CO2 increased certain traits such as shoot dry weight (ShDW)
(34.1%), root dry weight (RDW) (50.8%), leaf area (LA) (12.5%), grain weight (GW) (64.1%), and yield-
related traits and combination of significant indices (CSI) (72.5%). In comparison, Proline (−19.3%),
Malondialdehyde (MDA) (−34.4%) levels, and antioxidant enzyme activities, including ascorbate
peroxidase (APX) (−39.1%), peroxidase (POX) (−26.1%), and catalase (CAT), (−34.4%) decreased.
Water stress negatively affected ShDW (−40.2%), GW (−43.7%), RDW (−28.5%), and LA (−28.8%),
while it positively affected DPPH (36.0%), APX (54.8%), CAT (85.1%), and MDA (101%). Six-row
barley genotypes (Goharan and Mehr) had the highest yield under normal humidity and elevated
CO2 concentrations, while under water stress conditions, their yield decreased more than two-row
genotypes (Behrokh and M9316). Principal component analysis and heatmapping revealed that
two-row barley genotypes exhibited the highest stress resistance under elevated CO2 concentrations,
with the highest levels of secondary metabolites.

Keywords: antioxidant enzymes; barley; heatmapping analysis; plant physiology; climate change

1. Introduction

Climate change and the rising concentration of greenhouse gases have a direct impact
on the temporal and spatial distribution of critical agricultural factors such as light, water,
and temperature. This poses significant threats to agricultural production, trade patterns,
and ultimately, food security [1–3]. In recent years, there has been a growing global
focus on climate change and greenhouse gases. Carbon dioxide (CO2) is considered the
most significant greenhouse gas, with levels increasing from 280 µmol mol–1 during pre-
industrial times to the current level of 400 µmol mol–1 [4]. Projections suggest that CO2
levels will reach 700 µmol mol–1 by the end of the 21st century [5]. Despite occupying a
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small volume of the atmosphere (0.04%), even small changes in CO2 levels have direct and
indirect effects on plant morphology, physiology, and biochemistry [6]. Plants respond to
elevated CO2 concentrations by increasing photosynthesis rate, dry matter accumulation,
and water and nutrient use efficiency [7]. In nature, plants face numerous abiotic stress
factors simultaneously, which will be increasingly frequent due to climate change and affect
their growth, yield, and survival. Among the possible stress combinations in this context,
the one between CO2 increase and a water deficit is the most probable.

Climate change-induced water deficit stress is a critical issue that severely hampers
crop growth and yields in various regions worldwide [8]. Water deficit stress or light water
stress significantly reduced plant growth and development [9], leading to the closing of the
leaf stomata, decreasing the potential of cell water, and directly affecting the structure of
the components involved in cellular photosynthesis [10]. As such, plants tackle the wa-ter
limitations by making morphological, physiological and biochemical changes [2].

Barley (Hordeum vulgare L.) is one of the most important and suitable crops for arid
and semi-arid regions due to having a high diversity of genetic resources that can adapt to
a wide range of environmental stresses such as drought, salinity and heat stress [11–13].
Barley is mainly grown as a feed grain and also for malting to produce alcoholic beverag-es.
Barley comprises two forms, the two-row and the six-row genotype. The six-row barley
usually has a higher grain protein concentration and is more suitable for animal feed,
while two-row barley is more commonly used in the malting industry due to its higher
carbohydrate content [14].

Research has shown that cereal production should increase significantly in the coming
years due to the ever-increasing population and growing demand for food. Therefore,
understanding the factors influencing the growth and yield in cereals, including barley, as
well as choosing the most suitable cultivars for future climatic conditions, is of particular
importance [15]. In addition, understanding the exact patterns and mechanisms of plants’
responses to climate changes (water stress and increasing CO2 concentration) is increasingly
important for predicting plant performance and flexibility and, as a result, choosing the
most suitable cultivars.

The aim of this study was to investigate how two-row and six-row barley genotypes
respond to elevated CO2 concentrations and their potential for mitigating or enhancing
water deficit stress. This study focused on identifying the physiological mechanisms that
underlie these responses. The results of this study provide important insights into man-
aging barley genotypes to enhance growth rate and yield under changing environmental
conditions, especially in the context of high CO2 and drought stress.

2. Materials and Methods
2.1. Plant Material, Experimental Site and Design

The plant material used in this experiment consisted of four barley genotypes includ-
ing Goharan and Mehr (six-row) and Behrokh and M9316 (two-row), which were selected
based on a previous comprehensive field evaluation [16] (Table 1).

Table 1. List of barley genotypes and relative pedigree information.

Country Pedigree Number of Rows Genotype

Iran Rhn-03//L.527/NK1272 6 Goharan
Iran Roho/Mazorka/Trompilo 6 Mehr
Iran Novosadski-444 2 Behrokh
Iran SLB44-56/Lignee131 2 M9316

The experiment was conducted using a split factorial-based randomized complete
block design with three replications. The factors studied were two moisture environments
(irrigation after 40% and 75% depletion of the available soil water as control levels and
water deficit stress) and two concentrations of CO2 (390 ± 50 and 700 ± 50 µmol mol−1).
The experimental site was the greenhouse of Isfahan University of Technology (between
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551,379 N and 3,620,385 E, at 1525 m above mean sea level, with an average annual
temperature of 14.7 ◦C and average annual rainfall of 105 mm, in a semi-arid and cold
climate). Ten seeds of each genotype, after disinfection with 2% sodium hypochlorite
solution for 3 min, were sown (17 March 2018) in polyethylene columns (16 cm in diameter
and 60 cm in height), the end of which was perforated and coarse sand was placed at the
bottom (4 cm height), while the rest of the column was filled with about 5 kg of soil.

In the controlled greenhouse setting, two separate and adjacent chambers were used,
each with a different level of CO2 concentration set. From the beginning of the exper-
iment, each chamber received a distinct injection of CO2 concentration. CO2 gas en-
tered every chamber through the CO2 gas capsule and its concentration was automati-
cally measured in both chambers and adjusted until harvest, by a CO2 meter (AZ77232
CO2/Temperature/Relative Humidity Meter designed and manufactured by AZ Instru-
ment, Taichung City, Taiwan) (Figure 1).
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(SAW) (i.e., between ‒0.03 to ‒1.5 MPa) [18]. From the planting to the tillering stage (i.e., 
plant full establishment), irrigation was executed in both environments at the same time 
and to the same extent, based on crop water need (40% soil water depletion as the control). 
Water stress treatment (75% depletion of SAW) was initiated at the tillering stage. Soil–
water potential based on the depletion of SAW was determined using a soil moisture re-
lease curve. The following equations were used for the irrigation treatments: 

SAW = (θfc − θpwp) × ρb × V column (1)

Virrig = SAW × ρ (2)

Figure 1. Experiment set up. (A) Two-row and six-row barley plant pots under Ambient CO2 (right)
and El-evated CO2 (left) concentration, just before applying drought stress, (B) CO2 concentration
ad-justment device in the greenhouse to apply the CO2 concentration factor.

Moreover, cultivars were exposed to two different irrigation conditions within each
chamber: control and stress. Overall, the treatment list was designed as follows:
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1. Control irrigation condition and Ambient CO2 concentration.
2. Control irrigation condition and Elevated CO2 concentration.
3. Water stress condition and Ambient CO2 concentration.
4. Water stress condition and Elevated CO2 concentration.

2.2. Water Stress Treatment

Water stress was applied at the stage where three leaves had emerged (Zadoks cod.
13) [17], according to the Maximum Allowable Depletion (MAD) of soil available water (SAW)
(i.e., between −0.03 to −1.5 MPa) [18]. From the planting to the tillering stage (i.e., plant full
establishment), irrigation was executed in both environments at the same time and to the
same extent, based on crop water need (40% soil water depletion as the control). Water stress
treatment (75% depletion of SAW) was initiated at the tillering stage. Soil–water potential
based on the depletion of SAW was determined using a soil moisture release curve. The
following equations were used for the irrigation treatments:

SAW = (θfc − θpwp) × ρb × V column (1)

Virrig = SAW × ρ (2)

“θfc” is the volume basis of the soil–water content on field capacity (%), “θpwp” is
the volume basis of the soil–water content on wilting point (%), “ρb” is the bulk density
(g cm−3) of the experimental soil, “V” column is the column volume (m3), “Virrig” is the
irrigation volume (m3), and “ρ” is soil moisture depletion (40% and 75% of ASW). Water
stress treatment was applied at both levels until the end of the experiment.

2.3. Measurement of the Physiological Traits

Sampling was performed at the stage of spike emergence on the leaves of five randomly
selected plants on 13–16 May 2018, and harvesting of the plants was performed at the time
of physiological maturation on 16–19 June 2018. The samples for shoot and root weight
determination were collected from harvested plants.

2.3.1. Plant Leaf Area (LA)

The green LA was measured by using a digital LA meter (Model GA-5, OSK Company,
Tokyo, Japan).

2.3.2. Relative Water Content (RWC)

To measure RWC, four or five pieces of fresh leaves 1 cm in diameter were cut and
weighed (FW). Samples were then placed in a petri dish with some water in an incubator
for 4 h at 4 ◦C and weighed again. (TW). Finally, the samples were placed in an oven at
72 ◦C for 72 h and weighed again (DW). The RWC was calculated using the following
equation [19].

RWC = (FW − DW/TW − DW) × 100 (3)

2.3.3. Chlorophyll a (Chla), Chlorophyll b (Chlb) and carotenoids (Car)

Lichtenthaler’s [20] method was used to measure the concentration of Chl and Car.
For this purpose, 0.1 g of leaf samples were first pulverized with liquid nitrogen and
transferred to a 1.5 mL microtube and then 500 µL of 80% acetone was added to them and
after vortexing they were refrigerated for 24 h. Then, samples were filtered and centrifuged
for 10 min at 4000 rpm using a T16-15cc centrifuge. Next, 50 µL of the supernatant was
separated by a sampler and poured into new microtubes, and by adding 80% acetone it
reached a volume of 1 mL. Chlorophyll a (Chla), chlorophyll b (Chlb), and carotenoid (Car)
contents were then estimated by spectrophotometric absorbance at 663, 646, and 470 nm



Agronomy 2023, 13, 2373 5 of 21

using a HITACHI U-1800 spectrophotometer (Hitachi—Science & Technology Company,
Berkshire city, United Kingdom), respectively, using the following equations:

Chla = 12.25 A663.2 − 2.798 A646.8 (4)

Chlb = 21.50 A646.8 − 5.10 A663.3 (5)

Car = (1000 A470 − 1.82 Ch1a − 85.02 Ch1b)/198 (6)

A: light absorbance at 663, 645, and 470 nm.
Pigment data were expressed in milligrams per gram of fresh leaf weight.

2.3.4. Maximum Quantum Efficiency of PSII (Fv/Fm)

Fv/Fm data were collected using a Hansatech (ver. 1.21) fluorometer before irrigation
from the middle of the leaf and between the main vein and the edge of the flag leaf in all
plants at the stage of spike emergence. The green parts of the flag leaf were placed in the
dark for 20 min using aluminium foil and special clamps; then, the maximum Fv/Fm was
measured.

2.3.5. Proline Content

Proline content was determined using a modified method described by Nxele et al. [21].
Sample tissues (0.25 g each) were homogenized in 10 mL of 3% (w/v) sulphosalicylic acid
and centrifuged at 1500 rpm for 10 min. About 2 mL of each extract was then mixed with
2 mL of glacial acetic acid and 2 mL of ninhydrin. The reaction mixture was boiled in a
bain-marie at 100 ◦C for 60 min and cooled in an ice bath. In the meantime, 4 mL of toluene
was added to the reaction mixture before cooling. Finally, the mixture was vortexed to
obtain two separate phases and the absorbance of the upper phase was read at 520 nm
using toluene as the blank.

2.3.6. MDA Concentration

MDA content was measured using the method of Du and Bramlage [22]. Leaf sample
(0.2 g) was pulverized with liquid nitrogen and 2 mL of 0.1% trichloroacetic acid (TCA)
was added to it, ground well, and poured into 2 mL microtubes. It was centrifuged for
5 min at 10,000 rpm by the Eppendorf 5810 R refrigerated centrifuge. At this stage, 0.5 mL
of the supernatant of each sample was isolated and mixed in another microtubule with
1 mL of 20% trichloroacetic acid containing 0.5% thiobarbituric acid (TBA). The microtubes
were then centrifuged again at 15,000 rpm for 15 min.

MDA value was calculated using the following equation (extinction coefficient
(ε) = 155):

MDA= (A532 − A600/155) × (mount of reaction mixture/leaf tissue) (7)

2.3.7. Antioxidant Enzyme Activities

The antioxidant enzymes from barley leaf was extracted using the method
Nematpour et al. [23]. Briefly, 0.1 g of fresh leaves were weighed from the plants of
each treatment and after pulverization by liquid nitrogen, 1 mL of extraction buffer (includ-
ing Tris, EDTA, Triton and DTT in a certain ratio) was added to it, and it was poured into a
1.5 mL microtube. The microtubes were centrifuged in the Eppendorf 5810 R refrigerated
centrifuge at 12,000 rpm and 4 ◦C for 30 min, and then the supernatants were used to
measure antioxidant enzyme activities.

a. Catalase activity (CAT)

CAT activity was measured using the modified Aebi [24] method by H2O2 decompo-
sition spectrophotometry. For this purpose, 3 mL of 50 mM potassium phosphate buffer
(including Na2HPo4 and NaH2Po4 with a specified ratio and pH = 7) and 4.45 µL of 15 mM
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hydrogen peroxide were mixed with 50 µL of plant extract. CAT activity was determined
based on reduced adsorption at 240 nm for 2 min by HITACHI U-1800 spectrophotometer.

b. Ascorbate peroxidase activity (APX)

APX activity was measured by using the modified method of Nakano and Asada [25].
To start the reaction, 3 mL of 50 mM potassium phosphate buffer (including Na2HPO4
and NaH2PO4 in specified ratio and pH = 7), 1 mL of 5 mM APX, and 4.45 µL of 0.5 mM
hydrogen peroxide were mixed with 50 µL of plant extract. APX activity was performed
based on reduced adsorption at 290 nm for 2 min by HITACHI U-1800 spectrophotometer.

c. Peroxidase activity (POX)

The activity of POX was measured using Chance’s [26] method. For this purpose,
3 mL of 50 mM potassium phosphate buffer (including Na2HPO4 and NaH2PO4 with
specified ratio and pH = 7), 3.35 µL of guaiacol, and 4.45 µL of 15 mM hydrogen peroxide
were mixed with 50 µL of plant extract. POX activity was performed based on reduced
adsorption at 470 nm for 2 min by HITACHI U-1800 spectrophotometer.

2.3.8. DPPH Radical Scavenging Assay

Aebi’s (1983) [24] method was used to measure the scavenging of DPPH free radical
by leaves extract. Briefly, 0.1 g of plant leaf was pulverized with liquid nitrogen into
a 1.5 mL microtube and then 500 µL of 95% ethanol was added. Then, samples were
vortexed, placed in a refrigerator for 4 h at 4 ◦C, and centrifuged for 5 min at 3000 rpm
using an Eppendorf 5810 R refrigerated centrifuge. Next, 20 µL of clear supernatant was
transferred to new microtubes and mixed with 800 µL of ethanol-soluble DPPH (0.5 mM).
The absorbance was read at 517 nm after 30 min of storage in dark conditions using a Unico
2100 spectrophotometer. DPPH solution was used as a control (blank). Finally, DPPH
concentration was determined based on a calibration curve made with ascorbic acid (the
concentration of ascorbic acid varied from 13 to 100 µg/mL) as standards.

2.3.9. Dry Weight of Shoots and Roots

The shoot and root samples were isolated and washed prior to analysis using an
accurate digital scale model SKX1202, and the fresh weights of each pot’s shoots and roots
were measured with precision up to 0.01 g. After this step, samples were dried for 72 h
at 65 ◦C and dry weight data were collected to determine the shoot and root dry weights
post-harvest.

2.3.10. Seed Weight per Plant

The main spikes of plants in each pot were separated and threshed. The seeds’ weight
was measured after physiological maturation.

2.3.11. Combination of Significant Indices (CSI) and Yield Stability Index (YSI)

The selection of high yield genotypes under normal and water stress conditions
was achieved according to the yield stability index (YSI) and the combination of signif-
icant indices (CSI), which were calculated using the following equations according to
Sabouri et al. [27]:

YSI = Ys/Yp (8)

CSIi = 1
2 [(rYP.MP × Mpi) + (rYP.GMP × GMPi) + (rYP.HM × Hmi) + (rYP.STI × STIi) + (rYS.MP × Mpi)

+ (rYS.GMP × GMPi) + (rYS.HM × Hmi) + (rYS.STI × STIi)
(9)

where I is the genotype, r is the correlation coefficients between index and seed yield, MP is
the mean productivity, HM is the harmonic mean, GMP is the geometric mean productivity,
STI is the stress tolerance index, Ys is the grain yield of an experimental genotype under
water stress, and Yp is the seed yield of an experimental genotype under normal conditions.
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2.3.12. Statistical Analysis

First, the normality of the data was checked, and all the data procured from different
CO2 environments (390 ± 50 and 700 ± 50 µmol mol−1) were analyzed using a two-
factor design experiment (moisture conditions × barley genotypes) based on a completely
randomized block design [28]. Analysis of variance was performed using the general
linear model (GLM) procedure of SAS (ver. 9.4; SAS Institute Inc., Cary, NC, USA), and
the least significant difference test (LSD) was then used at the 5% probability level for the
comparison of treatment means. Principal component analysis (PCA) was performed, and
biplot and heat-mapping drawings were prepared to highlight the contribution of each
variable (measured traits) in the genotype differentiation using the Stat Graphics centurion
XVIII (http://www.statgraphics.com, accessed on 1 February 2023). JMP (ver.16) software
was used to cluster genotypes and measure traits with heat mapping according to Ward’s
method [29].

3. Results
3.1. Univariate Data Analysis

The results of the variance analysis of the studied traits over two moisture environ-
ments (normal and water stress) and two levels of CO2 concentration are reported in
Tables 2 and 3. The analysis of variance (Table 2) showed that the effect of CO2 concentra-
tion was significant (p < 0.05) for all measured traits except Chla, crop antioxidant capacity
as evaluated by the activity of plant extracts to scavenge the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and Fv/Fm, and also the effect of genotypes was significant (p < 0.01) for all the
traits except for relative water content (RWC). The variance analysis of stress resistance
indices showed that the effect of CO2 concentration, genotype, and interaction between
genotype and CO2 were significant (p < 0.01) for CSI and YSI indices. In addition, water
stress affected all measured traits significantly (p < 0.05), except for POX and Fv/Fm.

3.1.1. Interaction of CO2 and Water Stress

In normal moisture conditions, elevated CO2 increased traits such as ShDW, RDW,
LA, GW, Chla, and POX, while decreased MDA levels had no significant effect on the
other traits. Moreover, among traits, elevated CO2 had the highest and lowest significant
effect on the GW (57.2%) and Chla (15.7%) traits, respectively. Meanwhile, elevated CO2
increased ShDW, RDW, GW, and Chlb under water stress conditions, whereas Proline,
MDA, and POX content decreased, and no significant effect was reported on the other
traits. Moreover, among traits, elevated CO2 had the highest and lowest significant effect
on the RDW (97.5%) and ShDW (13.9%) traits, respectively (Table 3). Water stress in both
CO2 concentrations reduced ShDW, RDW, LA, and GW and enhanced Chla, Chlb, Proline,
MDA, and POX. In both CO2 levels, water stress had the greatest effect on Proline and
caused its sharp increase, while water stress had the least significant effect on LA traits
(−21.4%) and RDW (−14.6%) in ambient and elevated CO2 concentrations, respectively
(Table 3). Among different treatments, the highest ShDW, RDW, LA, and GW was observed
in normal moisture conditions and elevated CO2 concentration, while the highest Chla was
observed in water stress (both CO2 concentrations) and the highest of Chlb was observed in
water stress and elevated CO2. Moreover, the highest Proline, MDA, and POX traits were
observed in water stress and ambient CO2 (Table 3).

http://www.statgraphics.com
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Table 2. Analysis of variance (ANOVA) for agro-physiological characteristics and tolerance indices of barley genotypes under different CO2 concentrations and
irrigation regimes.

S.O.V
Mean Square

DF ShDW RDW LA GW RWC Chla Chlb Car FV/Fm Proline MDA CAT APX POX DPPH CSI YSI

CO2 1 2.49 ** 0.492 ** 5.76 ** 3.46 ** 1829 ** 0.008 ns 0.021 * 0.017 * 0.001 ns 115 ** 78.4 ** 0.273 ** 0.001 ** 1.28 ** 0.002 ns 15.5 ** 3.011 **
Rep*CO2 4 0.032 0.005 0.81 0.042 31.07 0.013 0.016 0.001 0.001 2.89 0.192 0.006 0 0.044 0.002 0.066 0.021
Irrigation

(I) 1 7.35 ** 0.127 ** 47.9 ** 4.61 ** 1806 ** 2.37 ** 0.021 ** 0.212 ** 0.000 ns 8413 ** 718 ** 0.563 ** 0.003 ** 0.053 ns 0.144 ** - -

Genotype
(G) 3 1.49 ** 0.250 ** 6.95 ** 0.387 ** 136 ns 0.414 ** 0.033 ** 0.061 ** 0.004 ** 601 ** 19.2 ** 0.026 ** 0.001 ** 0.830 ** 0.142 ** 1.91 ** 0.202 **

I*G 3 0.776 ** 0.086 ** 4.79 ** 0.806 ** 78.7 ns 0.190 ** 0.025 ** 0.149 ** 0.001 ns 528 ** 28.1 ** 0.003 ns 0.000 ns 0.446 ** 0.054 ** - -
I*CO2 1 1.14 ** 0.047 ** 11.9 ** 0.106 * 3.42 ns 0.042 * 0.026 ** 0.001 ns 0.000 ns 135 ** 17.3 ** 0.004 ns 0.000 ns 2.53 ** 0.007 ns - -
G*CO2 3 0.183 ** 0.040 ** 0.434 ns 0.085 ** 156 ns 0.092 ** 0.011 * 0.017 * 0.003 * 14.4 * 2.40 * 0.021 ** 0.000 * 0.091 ** 0.008 ns 0.897 ** 0.112 **

I*G*CO2 3 0.067 ns 0.004 ns 1.92 ns 0.301 ** 26.6 ns 0.049 ** 0.003 0.011 * 0.002 ns 45.9 ** 10.6 ** 0.030 ** 0.002 ** 0.299 ** 0.027 ** - -

Error 28 0.04 0.006 0.683 0.017 55.07 0.008 0.004 0.003 0.001 4.79 0.797 0.002 0 0.012 0.002 0.086
#12

0.012
#12

CV 12.2 16.4 12.2 11.5 9.38 11.8 9.3 14.6 4.1 15 7.7 13.1 11.1 10.2 12.2 9.6 19.7

ns Non-significant. * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. #: degree freedom of CSI and YSI. ShDW: Shoot dry weight (g plant−1),
RDW: Root dry weight (g plant−1), GW: Grain weight (g plant−1), LA: Leaf area (cm2 plant−1), RWC: relative water content (%), Chla chlorophyll a content, Chlb chlorophyll b
content and Car carotenoids content (mg g−1 FW), Fv/Fm: the quantum efficiency of photosystem II, Proline: leaf prolin content (µmol g−1FW), MDA: malondialdehyde (nmolg−1

FW), CAT: catalase specific activity (units mg–1 protein), APX: ascorbate peroxidase specific activity (units mg–1 protein), POX: peroxidase specific activity (units mg−1 protein),
DPPH: 2,2-diphenyl-1-picrylhydrazyl scavenging assay (mg mL–1), CSI: combination of significant indices, YSI: yield stability index. I*G: Interaction effect of irrigation and genotype,
I*CO2: Interaction effect of irrigation and CO2 concentration, G*CO2: Interaction effect of genotype and CO2 concentration, I*G*CO2: Interaction effect of irrigation, genotype and CO2
concentration.
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Table 3. The interaction effects of water stress and different CO2 concentrations on traits.

MC Control Stress
LSD
(0.05)T CO2 Ambient Elevated Ambient Elevated

ShDW 1.56 b 2.32 a 1.08 d 1.23 c 0.14
RDW 0.51 b 0.64 a 0.28 c 0.55 b 0.03

LA 6.10 b 7.78 a 4.79 c 5.09 c 0.22
GW 1.10 b 1.73 a 0.57 c 1.02 b 0.23
Chla 0.55 c 0.63 b 1.06 a 1.02 a 0.05
Chlb 0.25 c 0.25 c 0.34 b 0.43 a 0.31

Proline 1.47 c 1.21 c 31.01 a 24.61 b 3.17
MDA 8.28 c 6.93 d 17.02 a 13.50 b 1.11
POX 1.05 c 1.19 b 1.45 a 0.66 d 0.12

The same letter above the columns for each trait indicates that the values are not statistically different (p > 0.05).
MC: moisture conditions, T: trait, ShDW: Shoot dry weight (g plant−1), RDW: Root dry weight (g plant−1),
LA: Leaf area (cm2 plant−1), GW: Grain weight (g plant−1), Chla: chlorophyll a content, Chlb: chlorophyll b
content, MDA: malondialdehyde (nmolg−1 FW), POX: peroxidase specific activity (units mg−1 protein).

3.1.2. Interaction of CO2 and Different Genotypes

The effects of elevated CO2 on all the studied traits were influenced by the barley
genotypes (Table 4). Elevated CO2 caused a significant increase in ShDW, RDW, GW,
Car, and Fv/Fm in all genotypes; the increase in two-row barley genotypes was much
higher than that in the six-row barley. Moreover, elevated CO2 increased Chla and Chlb
in all genotypes but it was more elevated in the Mehr and Goharan genotypes (six-row).
On the other hand, elevated CO2 decreased Proline, MDA, CAT, APX, and POX in all
barley genotypes, which was reduced in the six-row barley genotypes much higher than in
two-row barley (Table 4).

Table 4. Interaction effects of CO2 concentrations and different genotypes of barley on traits.

CO2 Ambient
LSD
(0.05)

Elevated
LSD
(0.05)T G Behrokh M9316 Goharan Mehr Behrokh M9316 Goharan Mehr

ShDW 1.11 c 1.65 a 1.28 b 1.23 bc 0.14 1.34 c 2.44 a 1.59 b 1.72 b 0.25
RDW 0.61 a 0.31 bc 0.29 c 0.37 b 0.12 0.74 a 0.61 b 0.36 c 0.67 ab 0.10
GW 0.76 c 0.98 a 0.77 c 0.81 b 0.03 1.14 c 1.71 a 1.20 c 1.44 b 0.22
Chla 0.88 b 0.50 d 0.82 c 0.99 a 0.05 0.65 c 0.67 c 0.92 b 1.07 a 0.09
Chlb 0.26 c 0.20 d 0.32 b 0.39 a 0.04 0.31 b 0.31 b 0.37 a 0.40 a 0.05
Car 0.32 c 0.23 d 0.36 b 0.43 a 0.03 0.38 c 0.35 c 0.40 b 0.49 a 0.06

Fv/Fm 0.71 b 0.74 a 0.74 a 0.73 a 0.02 0.72 ab 0.73 ab 0.75 a 0.67 c 0.06
Proline 22.10 a 12.11 c 9.91 d 20.42 b 1.21 21.01 a 6.93 c 5.14 d 18.91 b 1.02
MDA 13.91 a 10.90 c 12.72 b 13.90 a 0.65 11.60 a 10.67 a 8.95 b 9.12 b 0.98
CAT 0.43 b 0.38 c 0.53 a 0.40 bc 0.04 0.26 b 0.36 a 0.29 b 0.23 c 0.04
APX 0.04 b 0.03 c 0.04 b 0.06 a 0.01 0.02 b 0.03 a 0.03 a 0.02 b 0.009
POX 1.58 a 1.03 b 0.88 c 1.51 a 0.11 1.01 a 0.97 a 0.71 c 0.84 b 0.12

The same letter above the columns for each trait indicates that the values are not statistically different (p > 0.05).
G: genotypes. T: trait. ShDW: Shoot dry weight (g plant−1), RDW: Root dry weight (g plant−1), GW: Grain
weight (g plant−1), Chla: chlorophyll a content, Chlb: chlorophyll b content, Car: carotenoids content (mg g−1FW),
Fv/Fm: the quantum efficiency of photosystem II, MDA: malondialdehyde (nmolg−1FW), CAT: catalase specific
activity (units mg–1 protein), APX: ascorbate peroxidase specific activity (units mg–1 protein), POX: peroxidase
specific activity (units mg−1 protein).

Under ambient CO2, the highest ShDW, GW, and Fv/Fm were observed in the M9316,
the highest RDW, Proline, MDA, and POX in the Behrokh, the highest Chla, Chlb, APX and
Car in Mehr, and also, the highest CAT was observed in the Goharan (Table 4).

Under elevated CO2, the highest ShDW and GW were observed in M9316, similar to
normal CO2 concentration. In addition, according to the Table 5, the highest value of MDA,
CAT, and APX were reported in M9316. The highest Chla, Chlb and Car in Mehr genotype
and the highest Proline, MDA, RDW, and POX in Behrokh were observed (Table 4).
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Table 5. Interaction effects of water stress and different genotypes of barley on traits.

MC Control
LSD
(0.05)

Stress
LSD
(0.05)T

G Behrokh M9316 Goharan Mehr Behrokh M9316 Goharan Mehr

ShDW 1.43 d 1.59 c 2.60 a 2.14 b 0.139 1.23 b 1.50 a 1.28 b 0.81 d 0.177
RDW 0.82 a 0.53 b 0.39 c 0.58 b 0.125 0.53 a 0.39 c 0.26 d 0.46 b 0.210

LA 5.07 c 7.08 b 8.25 a 7.35 b 0.741 4.84 b 5.33 a 5.11 a 4.47 b 0.674
GW 0.96 c 1.24 b 1.68 a 1.77 a 0.461 0.84 b 1.02 a 0.72 b 0.48 c 0.166
Chla 0.72 a 0.37 c 0.52 b 0.76 a 0.140 0.82 b 0.81 b 1.22 a 1.30 a 0.246
Chlb 0.28 a 0.20 c 0.26 b 0.26 b 0.011 0.29 b 0.32 b 0.42 a 0.49 a 0.094
Car 0.30 a 0.21 b 0.21 b 0.32 a 0.072 0.39 b 0.57 a 0.34 b 0.60 a 0.194

Proline 1.67 a 1.155 b 0.710 c 1.83 a 0.337 33.40 b 41.30 a 13.91 d 30.51 c 3.058
MDA 6.72 c 6.19 c 7.10 b 10.4 a 1.25 18.42 a 15.80 b 12.50 d 14.60 c 1.832
POX 1.12 a 0.82 b 0.65 c 1.11 a 0.110 1.40 b 1.61 a 0.94 d 1.21 c 0.170

DPPH 0.27 b 0.26 c 0.21 d 0.30 a 0.003 0.50 b 0.57 a 0.28 d 0.35 c 0.012

A same letter above the columns for each trait indicates that the values are not statistically different (p > 0.05).
MC: moisture conditions. G: genotypes. T: trait. ShDW: Shoot dry weight (g plant−1), RDW: Root dry weight (g
plant−1), LA: Leaf area (cm2 plant−1), GW: Grain weight (g plant−1), Chla: chlorophyll a content, Chlb: chlorophyll
b content, Car: carotenoids content (mg g−1 FW), MDA: malondialdehyde (nmolg−1 FW), POX: peroxidase specific
activity (units mg−1 protein), DPPH: 2,2-diphenyl-1-picrylhydrazyl scavenging assay (mg mL–1).

The graph of the effect of different concentrations of CO2 on the studied barley
genotypes for the CSI drought stress tolerance index (Figure 2) showed that increasing CO2
increased CSI in two-row and six-row barley genotypes and among the genotypes elevated
CO2 had the greatest and least impact on M9316 (107.0%) and Goharan (42.2%), respectively.
Under ambient CO2, no significant difference was observed among genotypes in terms of
CSI, but under elevated CO2, the M9316 genotype had the highest CSI, and no significant
difference was observed between other cultivars (Figure 2). Moreover, triple comparison
data were computed considering three different groups of variables: environments (CO2
concentrations), irrigation regimes, and genotype. Results are reported in Table S1.
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Figure 2. The interaction effects of genotype and different CO2 concentrations on drought tolerance
index CSI. The same letter above columns for each trait (diagram) indicates that values are not
statistically different (p > 0.05). Values are mean ± standard error. Environments: Ambient CO2

(400 ± 50 µmol mol−1) and Elevated CO2 (700 ± 50 µmol mol−1).

Meanwhile, the graph of the effect of different concentrations of CO2 on the studied
barley genotypes for the YSI drought stress tolerance index (Figure 3) shows that elevated
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CO2 increased YSI in the M9316 genotype (68.2%) and decreased it in the Goharan geno-
type (−44.5%), whereas it had no significant effect on the Behrokh and Mehr genotypes.
Under ambient CO2, Behrokh and Goharan had the highest YSI and the M9316 and Mehr
genotypes had the lowest YSI, but under elevated CO2, Behrokh and M9316 (two-row) had
the highest and Goharan and Mehr (six-row) had the lowest YSI (Figure 3).
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3.1.3. Interaction Effects of Water Stress and Different Genotypes

Water stress caused a significant decrease in ShDW, RDW, LA, and GW in all genotypes,
especially in six-row barley (Mehr and Goharan), while water stress caused a significant
increase in Car, Proline, MDA, Chla, Chlb, DPPH, and POX in all genotypes, although
this increase was much higher in the genotypes of two-row barley (Behrokh and M9316)
(Table 5). In normal moisture conditions, the highest ShDW and LA was observed in the
Goharan genotype, the highest RDW was found in Behrokh, the highest GW was observed
in the Goharan and Mehr genotypes, the highest amount of Chla, Chlb, Car, Proline, and
POX was observed in Behrokh and Mehr, and the highest MDA was observed in the Mehr
genotype (Table 5).

3.1.4. Correlation between Ambient CO2 and Two Moisture Conditions (Normal,
Water Stress)

Under normal humidity conditions, there were positive and significant correlations
between ShDW and GW, RDW with Chla, Proline and POX, RWC with CAT, Chla with
Chlb, Car, Proline, APX, POX, and DPPH, Chlb with Car, Car with Proline, POX, and DPPH,
Proline with POX and DPPH, MDA with APX and DPPH, APX with POX and DPPH, and
POX with DPPH. Moreover, under normal moisture conditions, negative and significant
correlations were observed between ShDW with Chlb and CAT, RDW with LA, GW with
CAT, LA with Chla, Proline, and POX, and RWC with MDA, respectively (Table 6). Looking
at variable correlation under water stress conditions, a positive and significant correlation
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was identified between ShDW with GW and RWC, RDW with Proline and MDA, Chla with
Chlb and Car, Car with CAT, and Proline with POX. In addition, under water stress we
observed a negative and significant correlation between ShDW with Chlb, Proline, and POX,
RDW with RWC and Fv/Fm, GW with POX and DPPH, LA with Chlb and DPPH, RWC
with Proline and MDA, Fv/Fm with Proline and POX, and MDA with DPPH (Table 6).

Table 6. Correlation coefficients among the measured traits in barley genotypes under ambient CO2

(water stress above diagonal and control below diagonal) conditions.

ShDW RDW GW LA RWC Chla Chlb Car Fv/Fm Proline MDA CAT APX POX DPPH

ShDW −0.34 0.65 ** 0.55 0.61 * −0.33 −0.60
* −0.21 0.42 −0.79

** −0.23 −0.03 −0.11 −0.58
* −0.19

RDW −0.49 0.06 0.28 −0.65
* 0.05 −0.31 −0.45 −0.61

* 0.67 * 0.60 * −0.42 0.12 0.30 −0.54

GW 0.80 ** −0.31 0.56 0.00 0.07 −0.40 −0.04 0.03 −0.41 0.32 0.15 0.32 −0.58
*

−0.66
*

LA 0.45 −0.71
** 0.42 0.33 −0.11 −0.61

* −0.24 −0.01 −0.39 0.12 0.09 −0.05 −0.54 −0.69
*

RWC −0.46 0.45 −0.41 −0.27 −0.38 −0.28 0.03 0.52 −0.73
**

−0.57
* 0.20 −0.43 −0.43 0.22

Chla −0.54 0.62 * −0.25 −0.67
* −0.06 0.74 ** 0.81 ** 0.02 0.20 0.56 0.54 0.50 −0.32 −0.38

Chlb −0.58
* 0.19 −0.42 −0.35 0.01 0.64 * 0.85 ** 0.18 0.21 0.14 0.57 * 0.25 −0.02 0.22

Car −0.41 0.52 −0.08 −0.52 −0.09 0.93 ** 0.71 ** 0.34 −0.12 0.20 0.78 ** 0.34 −0.45 −0.06

Fv/Fm 0.36 −0.30 0.27 0.39 −0.18 −0.11 −0.12 −0.03 −0.73
** −0.51 0.28 −0.18 −0.66

* 0.19

Proline −0.33 0.61 * −0.07 −0.62
* −0.11 0.86 ** 0.55 0.92 ** −0.26 0.53 −0.37 0.31 0.67 * −0.04

MDA 0.05 −0.18 0.29 −0.02 −0.63
* 0.41 0.10 0.46 −0.01 0.49 0.17 0.47 −0.07 −0.75

**

CAT −0.64
** 0.02 −0.76

** −0.02 0.62 * −0.14 0.36 −0.11 −0.12 −0.19 −0.46 −0.02 −0.53 −0.25

APX −0.29 −0.07 −0.01 −0.32 −0.36 0.60 * 0.38 0.54 −0.21 0.50 0.81 ** −0.25 −0.22 −0.35

POX −0.38 0.57 * −0.16 −0.76
** −0.10 0.89 ** 0.36 0.80 ** −0.07 0.82 ** 0.56 −0.26 0.67 * 0.54

DPPH −0.19 0.22 0.03 −0.46 −0.28 0.79 ** 0.45 0.82 ** 0.16 0.75 ** 0.73 ** −0.30 0.74 ** 0.88 **

* Significant at the 0.05 probability level. ** significant at the 0.01 probability level. ShDW: Shoot dry weight
(g plant−1), RDW: Root dry weight (g plant−1), GW: Grain weight (g plant−1), LA: Leaf area (cm2 plant−1),
RWC: relative water content (%), Chla: chlorophyll a content, Chlb: chlorophyll b content, Car: carotenoids
content (mg g−1 FW), Fv/Fm: the quantum efficiency of photosystem II, Proline: leaf proline content
(µmol g−1 FW), MDA: malondialdehyde (nmolg−1 FW), CAT: catalase specific activity (units mg–1 protein),
APX: ascorbate peroxidase specific activity (units mg–1 protein), POX: peroxidase specific activity (units mg−1

protein), DPPH: 2,2-diphenyl-1-picrylhydrazyl scavenging assay (mg mL–1).

3.1.5. Correlation between Elevated CO2 and Two Moisture Conditions (Normal,
Water Stress)

In normal conditions, there were positive and significant correlations between ShDW
with GW, LA, and DPPH, RDW with Car and POX, GW with LA, CAT, and DPPH, LA with
APX, Chla with Proline, MDA, and CAT, Car with POX, MDA with CAT and DPPH, CAT
with POX and DPPH, and between POX with DPPH. Moreover, in this condition, there
was a negative and significant correlation between ShDW with Proline and APX, RDW
with POX, GW, LA, CAT, and MDA with APX, Fv/Fm with POX, and APX with DPPH. In
normal moisture conditions, there was no significant correlation between Chlb and Proline
and any of the traits (Table 7). Under water stress irrigation, a positive and significant
correlation was observed between ShDW with GW, LA, and Fv/Fm, RDW with Proline,
Chla with Chlb, Car, and APX, Chlb with Car and APX, Car and Proline with MDA, and
POX with DPPH. Moreover, a negative and significant correlation between ShDW with
Proline, GW with Chla, Chla with Fv/Fm and MDA, Chlb, APX, and Fv/Fm with MDA,
and POX with DPPH was observed in water stress conditions (Table 7).
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Table 7. Correlation coefficients among the measured traits in barley genotypes under elevated CO2

(water stress above diagonal and control below diagonal) conditions.

ShDW RDW GW LA RWC Chla Chlb Car Fv/Fm Proline MDA CAT APX POX DPPH

ShDW −0.25 0.80 ** 0.59 * −0.35 −0.28 −0.18 −0.55 0.64 * −0.66
* −0.15 −0.04 −0.48 −0.03 0.31

RDW −0.08 0.28 0.20 0.05 −0.28 −0.38 0.05 −0.36 0.72 ** 0.47 −0.46 0.16 −0.68
** 0.48

GW 0.79 ** −0.23 0.55 −0.40 −0.58
* −0.49 −0.66

* 0.50 −0.23 0.27 −0.25 −0.53 −0.35 0.52

LA 0.77 ** −0.38 0.82 ** 0.06 −0.19 −0.03 −0.18 0.30 −0.30 −0.07 −0.22 −0.07 −0.19 0.48
RWC −0.54 0.03 −0.43 −0.52 −0.07 0.00 0.20 0.12 0.31 0.02 −0.14 −0.01 0.27 −0.21

Chla −0.55 0.24 −0.09 −0.35 0.53 0.81 ** 0.80 ** −0.57
* −0.26 −0.82

** 0.16 0.84 ** 0.00 −0.01

Chlb −0.41 0.29 −0.20 −0.06 −0.09 0.23 0.58 * −0.43 −0.45 −0.85
** 0.09 0.67 * 0.30 0.05

Car −0.10 0.69 * −0.02 −0.21 0.38 0.43 0.27 −0.67
* 0.19 −0.50 0.11 0.89 ** 0.10 −0.26

Fv/Fm −0.24 −0.19 −0.26 −0.20 0.30 −0.24 0.23 −0.10 −0.40 0.14 −0.02 −0.75
** 0.29 −0.05

Proline −0.61
* −0.04 −0.08 −0.20 0.43 0.84 ** 0.38 0.32 0.07 0.59 * −0.04 0.16 −0.33 −0.08

MDA 0.05 0.00 0.50 0.15 0.29 0.75 ** 0.00 0.27 −0.33 0.53 −0.12 −0.59
* −0.19 −0.15

CAT 0.33 0.14 0.67 * 0.38 0.12 0.59 * −0.12 0.40 −0.43 0.40 0.90 ** 0.16 0.35 −0.34

APX −0.73
** 0.07 −0.92

**
−0.64

* 0.18 −0.09 0.24 −0.14 0.26 0.03 −0.69
*

−0.82
** −0.16 0.12

POX 0.24 0.66 * 0.33 −0.04 −0.01 0.41 −0.07 0.61 * −0.57
* 0.02 0.54 0.65 * −0.50 −0.74

**

DPPH 0.63* 0.24 0.80 ** 0.53 −0.15 0.23 −0.19 0.29 −0.42 −0.02 0.69 * 0.88 ** −0.89
** 0.73 **

* Significant at the 0.05 probability level. ** significant at the 0.01 probability level. ShDW: Shoot dry weight
(g plant−1), RDW: Root dry weight (g plant−1), GW: Grain weight (g plant−1), LA: Leaf area (cm2 plant−1),
RWC: relative water content (%), Chla: chlorophyll a content, Chlb: chlorophyll b content, Car: carotenoids
content (mg g−1 FW), Fv/Fm: the quantum efficiency of photosystem II, Proline: leaf proline content
(µmol g−1 FW), MDA: malondialdehyde (nmolg−1 FW), CAT: catalase specific activity (units mg–1 protein),
APX: ascorbate peroxidase specific activity (units mg–1 protein), POX: peroxidase specific activity (units mg−1

protein), DPPH: 2,2-diphenyl-1-picrylhydrazyl scavenging assay (mg mL–1).

3.2. Multivariate Data Analysis
3.2.1. Principal Component Analysis

Based on the univariate data analysis, it was found that the studied two and six-row
barley genotypes were significantly affected by the interaction of water stress and CO2
concentration, and the two-row barley was affected more than the six-row barley. Therefore,
the interaction effects between genotypes and CO2 concentration under normal and water
stress conditions were prepared using biplot analysis (Figures 3 and 4). Under normal
moisture conditions, the first two components explained 68.64% of the total variance and
71.48% of the under water stress. Under the normal moisture condition, the first principal
component (PC1) had a positive correlation with LA and negatively correlated with Chla,
Chlb, Car, Proline, MDA, APX, POX, and DPPH. The second component (PC2) was posi-
tively correlated with ShDW, RDW, GW, LA, and RWC and had a negative correlated with
Fv/Fm, CAT, and APX. Therefore, PC1 was considered as a “physiological and biochemical
component” and PC2 as a “seed productivity component” (Figure 4). The biplot diagram
showed that the studied genotypes were divided into four groups and the two-row geno-
type and six-row genotypes were placed in separate groups for the effect of ambient CO2,
which shows the great impact of CO2 concentration. The increase in CO2 concentration
made the position of the genotypes more positive compared to PC2, and it also had a much
more significant effect on the two-row barley genotypes and caused a greater increase in
the amount of enzymes and yield compared to the six-row barley. To select genotypes
with higher yield and manage the increase in CO2 amount to produce more yield under
normal conditions, six-row barley genotypes (Mehr and Goharan) had the highest yield
and yield components in elevated CO2 concentration. Moreover, the dashed lines on the
biplot chart (Figure 4) show the intensification of the effect of increasing CO2 concentra-
tions for different genotypes. Mehr genotype was affected more than other genotypes in
normal conditions by increasing CO2 concentrations (elevated CO2), followed by Behrokh,
Goharan, and M9316.
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and Car and negatively associated with YSI and CSI. Therefore, PC1 represents the func-
tional traits and PC2 represents the traits of plant pigments and CSI and YSI indices (Fig-
ure 5). Therefore, the second component can be called “the stability component of geno-
types in different environmental conditions” based on stress tolerance indices. Moreover, 
the biplot chart showed that, similar to normal conditions, in water stress conditions, the 
treatment compounds were divided into four groups, and all the treatments of ambient 
CO2 were completely separated from the elevated CO2, which shows the great effect of the 
CO2 concentration. Increasing the CO2 concentration changed the position of the geno-
types under moisture stress conditions in terms of PC1 and PC2, and this change was 

Figure 4. Principal component analysis of the relationship among the studied traits and the
distribution of barley genotypes relative to these traits under normal moisture conditions and
two different CO2 concentrations. ShDW: Shoot dry weight (g plant−1), RDW: Root dry weight
(g plant−1), GW: Grain weight (g plant−1), LA: Leaf area (cm2 plant−1), RWC: relative water content
(%), Chla: chlorophyll a content, Chlb: chlorophyll b content, Car: carotenoids content (mg g−1 FW),
Fv/Fm: the quantum efficiency of photosystem II, Proline: leaf proline content (µmol g−1 FW),
MDA: malondialdehyde (nmolg−1 FW), CAT: catalase specific activity (units mg–1 protein),
APX: ascorbate peroxidase specific activity (units mg–1 protein), POX: peroxidase specific activ-
ity (units mg−1 protein), DPPH: 2,2-diphenyl-1-picrylhydrazyl scavenging assay (mg mL–1). dash
lines indicate the distance between each genotype with different CO2 concentrations (A: ambient,
E: elevated) of PCs.

Under water stress conditions, PC1 explained 42.27% of the total variance and was
mainly positively associated with ShDW, RDW, GW, LA, RWC, and Fv/Fm and negative
coefficients were associated with Proline, MDA, CAT, APX, and POX (Figure 5). More-
over, PC2 explained 29.21% of the total variance and was positively associated with Chla,
Chlb, and Car and negatively associated with YSI and CSI. Therefore, PC1 represents the
functional traits and PC2 represents the traits of plant pigments and CSI and YSI indices
(Figure 5). Therefore, the second component can be called “the stability component of geno-
types in different environmental conditions” based on stress tolerance indices. Moreover,
the biplot chart showed that, similar to normal conditions, in water stress conditions, the
treatment compounds were divided into four groups, and all the treatments of ambient
CO2 were completely separated from the elevated CO2, which shows the great effect of the
CO2 concentration. Increasing the CO2 concentration changed the position of the genotypes
under moisture stress conditions in terms of PC1 and PC2, and this change was greater in
the two-row genotypes than in the six-row genotypes. The biplot results showed that the
highest values of stress resistance indices were in the two-row barley genotypes (M9316
and Behrokh) with elevated CO2 concentrations, indicating grain yield stability in the
two-row genotypes. According to the mentioned cases, the superior genotypes for yield
can be selected with an emphasis on PC1 and for more strength on PC2 (Figure 5).
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3.2.2. Heatmapping Analysis

The heatmapping graph (Figure 6) under normal moisture conditions shows that
the genotypes were placed in two groups. The first group included M9316-A, Goharan-
A, Behrokh-A, and Mehr-A; the second group included Behrokh-E, Mehr-E, Goharan-E,
and M9316-E. It also shows that the measured traits were also placed in two separate
groups. The first group comprises ShDW, GW, and LA traits and the second group includes
other traits. According to the heatmapping graph, the first group of genotypes had the
lowest amount in terms of the traits of group one and the highest amount in terms of the
traits of group two, while the opposite of this situation was seen in the second group of
genotypes. Moreover, it was observed that in normal moisture conditions, increasing the
amount of CO2 increased ShDW, GW, LA, RDW, and RWC and decreased MDA in all
studied genotypes. In contrast, in terms of other traits, the response of the genotypes to
increasing CO2 concentration was different (Figure 6). The clustering results showed that
the lowest amount of yield under normal conditions was observed in the two-row barley
genotypes (Behrokh-A and M9316-A). The increase in the amount of CO2 concentration
caused an increase in yield and yield components, which was greater in the six-row varieties
(Goharan-E and Mehr-E).

Under water stress conditions, the heat mapping graph shows that all genotypes in the
conditions of increased CO2 concentration and normal CO2 were placed in two separate
clusters (the first group includes Behrokh-A, Mehr-A, M9316-A, and Goharan-A and the
second group comprises Behrokh-E, Goharan-E, M9316-E, and Mehr-E), which shows
the high impact of changing CO2 concentrations under stress conditions on the studied
genotypes (Figure 6). It also shows that the measured traits were placed in three separate
groups. The first group included ShDW, LA, GW, YSI, RDW, RWC, Fv/Fm, DPPH, and CSI
traits, the second group included Chla, Chlb, and Car, and the third group included Proline,
MDA, POX, CAT, and APX. The first group of genotypes had the lowest amount in the
traits of the first two groups and the highest amount in the traits in the third group, while
the opposite was seen in the second group of genotypes. Moreover, it was observed that
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in water stress conditions, increasing the amount of CO2 decreased Proline, MDA, APX,
POX, and CAT and increased ShDW, GW, RDW, RWC, Fv/Fm, Chlb, and Car in all studied
genotypes, while in terms of other traits, the response of genotypes to increasing CO2
concentration was different (Figure 7). Moroever, the heatmap results show that the highest
amount of drought stress resistance indices was observed in the two-row barley genotypes,
which indicates the greater resistance of these genotypes to climate changes. Moreover, the
results show that two-row barley genotypes compared to six-row barley showed a more
stable yield with increasing CO2 concentrations under moisture stress conditions.
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Figure 7. Heat-mapping diagram related to the studied traits of barley genotypes under water stress
conditions and two different CO2 concentrations. The dark blue colour indicates the lowest value
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4. Discussion

Water stress significantly affects plants’ physical and physiological mechanisms, lead-
ing to severe effects on the growth and performance of crops. The initial objective of
this study was to investigate the interaction effect of increasing CO2 and water stress on
the grain yield and the amount of secondary metabolites, including proline and other
antioxidants, of two-row and six-row genotypes of barley. In general, water stress signifi-
cantly decreased ShDW, RDW, LA, and GW in both six-row and two-row barley genotypes.
However, the decrease was more pronounced in the six-row barley genotypes compared
to the two-row barley genotypes. Moreover, in terms of biochemical responses, water
stress had contrasting effects on certain compounds in the two-row and six-row barley
genotypes. The two-row barley genotypes exhibited a greater increase in Car, Proline,
MDA, Chla, Chlb, DPPH, and POX compared to the six-row barley genotypes. Car, MDA,
and Proline are known to play a crucial role in plant protection against oxidative stress,
which is often induced by water stress [30–32]. The increase in Chla and Chlb contents could
be attributed to the adaptive response of plants to enhance light capture and maximize
photosynthetic efficiency under water stress conditions [33]. Moreover, the elevation in
DPPH and POX activity suggests the activation of antioxidant defence mechanisms to
counteract the increased production of ROS resulting from water stress [34].

Elevated CO2 positively impacted several traits under both normal and water stress
conditions. In normal conditions, there was an increase in ShDW, RDW, LA, GW, Chla,
and POX, and a decrease in MDA. Under water stress conditions, there was an increase
in ShDW, RDW, and GW and a decrease in Proline, MDA, and POX. Indeed, under water
stress, plants exposed to elevated CO2 maintain a higher capacity for growth and biomass
accumulation compared to ambient CO2 (Tables 3 and 4). These findings align with the
study of Leakey et al. [35], which reported increased biomass under elevated CO2 and
water stress conditions in maize. In addition, a decrease in MDA levels indicates reduced
lipid peroxidation and membrane damage, reflecting a positive effect of elevated CO2 on
plant stress tolerance [36].

Elevated CO2 resulted in a substantial increase in ShDW, RDW, GW, Car, and Fv/Fm
in all genotypes (Table 4), indicating enhanced growth, biomass accumulation, photosyn-
thetic pigments, and photosynthetic efficiency under elevated CO2 conditions. Ainsworth
and Rogers [37] reported increased biomass and grain yield in barley under elevated
CO2. Additionally, elevated CO2 has enhanced photosynthetic performance and increased
carotenoid content in various plant species [7]. The increase in Fv/Fm suggests improved
photosynthetic capacity and light energy utilization under elevated CO2 conditions [38].

Conversely, elevated CO2 caused a decrease in Proline, MDA, CAT, APX, and POX in
all barley genotypes (Table 4), indicating altered stress responses and antioxidant activity.
Studies showed that under high CO2 conditions, reduction in proline suggests a modulation
of osmotic adjustment mechanisms and reduced stress tolerance, a decrease in MDA levels
indicates reduced lipid peroxidation and oxidative damage in plants exposed, and a
decrease in CAT, APX, and POX activity suggests a downregulation of antioxidant defence
mechanisms in response to elevated CO2 [38].

Moreover, the responses to elevated CO2 varied between two-row and six-row barley
genotypes. The increase in ShDW, RDW, GW, Car, and Fv/Fm was much higher in two-row
barley genotypes compared to six-row barley genotypes, indicating potential genotype-
specific differences in growth and photosynthetic responses to elevated CO2. Similarly,
the decrease in proline, MDA, CAT, APX, and POX was much higher in six-row barley
genotypes than in two-row barley genotypes under elevated CO2 conditions.

The effects of elevated CO2 on CSI and YSI showed mixed responses among the geno-
types. Elevated CO2 increased CSI in both two-row and six-row barley genotypes, indicating
potential changes in the processes, causing resistance in the plant (Figures 1 and 2). However,
the response of YSI varied among genotypes, with some genotypes showing an increase in
YSI while others exhibited a decrease. These findings suggest that elevated CO2 can influ-



Agronomy 2023, 13, 2373 18 of 21

ence stress resistance and yield stability in barley, potentially reflecting alterations in plant
physiology, resource allocation, and carbon and nitrogen metabolism.

Under normal moisture and water stress conditions and ambient CO2 concentration,
positive correlations were observed between ShDW with GW and RDW with Chla, Proline,
and POX. Moreover, there were negative correlations between ShDW with proline, POX,
and Chlb and GW with POX and DPPH under water stress (Table 6). These results show that
in the water stress condition, the plant spends a large part of its energy on the production of
antioxidants and secondary metabolites in order to be able to tolerate the stress conditions,
which leads to less grain production and a reduced yield. These results were consistent with
Ahanger et al. [39]. In elevated CO2 concentrations, positive correlations were observed
between ShDW with GW, LA, and DPPH under normal and water stress and negative
correlations with APX. This suggests that increased shoot dry weight is associated with
higher levels of leaf pigments, larger leaf size, enhanced antioxidant activity, and enzymatic
defense mechanisms [7,40].

The PCA and heatmapping analyses were employed to evaluate the physiological
responses of two and six-row barley genotypes to the interaction of water stress and
CO2 concentration. The results revealed significant effects of these factors on the studied
genotypes, with the two-row barley being more affected than the six-row barley. The biplot
results in the normal environment, similar to the correlation results, showed that there
is a positive and significant relationship between grain yield, ShDW, and LA, and due
to the increase in CO2 concentration, the amount of these traits increased in the studied
genotypes, and the highest amount of grain yield and yield components was observed
in six-row barley genotypes (Goharan-E and Mehr-E). Moreover, the values of DPPH,
POX, Car, Proline, and APX had a positive and significant correlation, and due to the
increase in CO2 concentration, their values also increased, and this increase was more
obvious in the two-row barley genotypes (Behrokh-E and M9316-E). In the water stress
environment, the increase in CO2 concentration caused an increase in the concentration of
secondary metabolites and antioxidant enzymes, and this increase was more prominent
in Behrokh and M9316. Moreover, the drought stress tolerance indices in two-row barley
genotypes were higher than in six-row barley, indicating stability in grain yield and greater
resistance to stress in this group. The heatmapping analysis demonstrated distinct patterns
in genotype clustering and trait distribution, highlighting the significant impact of changing
CO2 concentrations on genotype performance and physiological responses. Research shows
that under water-limited conditions and elevated CO2 concentrations, plants often increase
the synthesis and accumulation of secondary metabolites, such as phenolics, flavonoids,
and terpenoids. These compounds act as antioxidants, scavenging ROS and protecting
cellular components from oxidative damage, so increased levels of secondary metabolites
contribute to enhanced water stress tolerance in barley by mitigating oxidative stress
and maintaining cellular homeostasis [41,42]. In addition, the two-row barley genotypes
(Behrokh and M9316) had higher grain yield, biomass, and secondary metabolites such
as proline, POX, and APX antioxidants under water stress conditions and elevated CO2
concentration. According to these studies, higher CO2 concentration causes the stomatal
openings to receive more carbon dioxide and thus creates resistance in these genotypes.
Vasilaki et al. [43] reported that under moisture stress conditions, the amount of stress
resistance and seed yield due to stomatal regulation and increased proline were higher in
two-row barley genotypes than in six-row. The findings contribute to our understanding
of the potential effects of climate change on barley genotypes and suggest that specific
genotypes, particularly two-row barley, exhibit higher resistance to drought stress and
greater stability in yield under elevated CO2 conditions. These findings have implications
for crop improvement strategies and the selection of genotypes with desirable traits for
sustainable agriculture in the face of changing environmental conditions.
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5. Conclusions

This study investigated the effects of different levels of CO2 concentration and moisture
environments on the traits of two and six-row barley genotypes. The results of univariate
data analysis showed that elevated CO2 levels affect the measured parameters differently,
with a general decrease in antioxidant contents and an increase in yield-related traits.
The drought stress tolerance indices were also influenced by CO2 concentration, with
increased CO2 levels decreasing the indices. Under normal moisture conditions, data
indicate a significant effect of CO2 concentration, with a greater increase in enzymes
and yield observed in two-row barley genotypes. Under water stress conditions, the
highest stress resistance indices were observed in two-row barley genotypes with elevated
CO2 concentrations, suggesting their stability in grain yield. In conclusion, this study
demonstrated that CO2 concentration and moisture environments significantly influenced
various traits in two and six-row barley genotypes. These data offer a comprehensive
adaptation scheme of barley genotypes to CO2 increase, deepening and thus representing
an innovative starting point for the constitution and management of new cultivars adapted
to the cooccurrence of different stress conditions.

Overall, the obvious CO2-induced changes will have implications for the grain quality
of barley concerning healthy food, industrial processing, and market value, since elevated
CO2 levels had different effects on traits under normal and water stress. Experimental
evidence for these impacts is sometimes contradictory, suggesting that further multi-year
research with a wider range of cultivars is required to estimate the consequences for barley
quality aspects in a future high-CO2 world.

Supplementary Materials: The following supporting information can be downloaded at: https:
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