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Abstract

The increasing atmospheric [CO,] would alter soil-plant nutrient dynamics depending on crop species, soil type, and cli-
mate. Insights on the impacts of the predicted level of elevated [CO,] (e[CO,]) on the soil-plant-environment system are,
therefore, important for strategic nutrient management for future environments. The impacts of ¢[CO,] environment on soil
phosphorus (P) bioavailability and soil-plant P dynamics in chickpea are uncertain in tropical alkaline Vertisols. An open-top
chamber—based experiment with e[CO,] (570 +30 ppmv) and ambient [CO,] treatments aimed to investigate the impacts of
e[CO,] on soil-plant P dynamics, physiology, and yield of chickpea in a moderately alkaline Vertisol of subtropical central
India. Experimental findings revealed that the ¢[CO,] treatment increased Olsen P at flowering stage (+13%, p <0.05),
water-soluble carbon (11-14%), and KMnO,-C (5-14%) at both branching and flowering stages (p < 0.05). Results demon-
strated that the increased mobilization of dissolved non-reactive P (NaHCO;-Po, NaOH-Po) (from branching to flowering)
and competitive sorption with higher soluble carbon possibly contributed to the higher available P (Olsen P) under the
¢[CO,] environment. The ¢[CO,] treatment had a significant impact on photosynthetic rate (+5.3%), stomatal conductance
(—16.5%), and leaf chlorophyll content (+5.1%) over the ambient (p < 0.05) but did not alter leaf nitrate reductase activity.
The ¢[CO,] treatment increased plant biomass (+25%) and productivity (+11.6%), P uptake (+ 16.6%), and physiological
P use efficiency (+7.1%) (p <0.05). Thus, it can be concluded that e[CO,] (~570 ppmv) could enhance P availability in
alkaline Vertisols of subtropical regions favoring P nutrition, physiological activity, and yield of chickpea.

Keywords Aboveground P accumulation - Open-top chamber - Photosynthesis rate - Soil P pools - Soil enzymes activities -
Subtropical climate

1 Introduction

The atmospheric carbon dioxide (CO,) concentration
([CO,)) has increased over time, which is predicted to reach
750 ppmv by the end of the twenty-first century (IPCC
2014). The rising trend of atmospheric [CO,] is a global
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sustainability concern for terrestrial and oceanic ecosys-
tems (Lougheed et al. 2020; Wang et al. 2021). The poten-
tial impacts of elevated [CO,] (¢[CO,]) on crops have been
studied in different agro-regions, and meta-analysis reports
explicate that the effects are variable with crop species and
environments (Taub et al. 2008; Wang et al. 2012; McLa-
chlan et al. 2020). An ¢[CO,] condition can alter/affect plant
physiological functions and yield at variable scales depend-
ing on crop species (Wang et al. 2012; Jena et al. 2018),
soil type (De Graaff et al. 2006), climate (Feng et al. 2008),
and management practices (Hazra et al. 2019). Therefore,
assessing the impacts of e[CO,] on food crops under differ-
ent agro-climatic and edaphic conditions is important.
Chickpea (Cicer arietinum L.) is a major cool season
legume crop, cultivated in 13.7 M ha globally, with aver-
age productivity of 1.03t ha=! (FAOSTAT 2020). South-
east Asia contributes ~ 80% of global chickpea production
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(ICRISAT 2015), and the crop is predominantly grown
in Vertisols of central India (subtropical climate) (Kumar
et al. 2021). Chickpea is highly sensitive to environmen-
tal variables (Jha et al., 2021). Several studies reported
the impacts of e[CO,] on grain legumes like black gram
(Sathish et al., 2014), pigeon pea (Saha et al. 2011), lentil
(Nasser et al. 2008), cowpea (Dey et al. 2017), and chick-
pea (Lamichaney et al., 2021) in tropical environments pri-
marily focusing on crop growth, physiology, and yield as
the response parameters. However, studies on the impact
of ¢[CO,] environment on soil P bioavailability and crop
nutrition are scanty, particularly in Vertisols of subtropi-
cal India. Given the increased significance of optimal P
nutrition for sustaining chickpea productivity in tropical
soils, particular attention is warranted to understand the
impact e[CO,] on soil P bioavailability and P nutrition in
chickpea-grown P-deficient Indian Vertisols.

Mostly, e[CO,] condition favors biomass accumula-
tion in leguminous C3 crops and thus can increase the
demand for plant nutrients (Jin et al. 2012). An imbalance
or non-synchrony in the plant nutrient demand and supply
could affect crop yield under ¢[CO,] conditions (Satapathy
et al. 2015). Suboptimal P nutrition due to the inefficien-
cies in the tropical soil system (high P sorption and low
bioavailability) has yield-limiting impacts on grain leg-
umes (Hazra et al. 2018). Quantifying the changes in soil
biological processes and plant-mediated enzymes, soil P
pools, soil labile carbon (C) pool, and plant rhizospheric
properties would provide valuable insights on P cycling as
altered with e[CO,] environments (Jin et al. 2013, 2014).
Furthermore, investigating the changes in organic and
inorganic forms of P at different crop growth stages under
contrasted [CO,] environments may advance our under-
standing of soil processes influencing P availability (Jin
et al. 2017). Presently, P acquisition and intra-plant P use
efficiency in relation to changes in physiological functions
in chickpea crop under ¢[CO,] environments are not well
understood in tropical agro-regions (particularly central
India—a major chickpea growing belt) and therefore a
topic of research interest.

Thus, an open-top chamber—based study was conducted
to investigate the effect of ¢[CO,] on temporal soil P dynam-
ics during crop season, soil-plant P relations, physiology,
growth, and yield of chickpea in a moderately alkaline
Vertisol of subtropical climate (central India). The major
objectives of this study were to (i) determine the impact of
¢[CO,] on temporal dynamics of P pools, labile C pool, and
biochemical properties in chickpea growth stages in alkaline
Vertisol; (ii) to quantify the changes in growth, physiological
functions of chickpea with ¢[CO,] condition over ambient
(iii) to assess intra-plant P distribution, P use efficiency, and
soil-plant P relations in chickpea as altered with e[CO,]
environment.
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2 Materials and Methods
2.1 Site and Soil Characteristics

The experiment was conducted in the open-top poly-carbon-
ated chambers (OTC) located at the experimental station of
ICAR-Indian Institute of Soil Science, Bhopal (23°15" N,
77°25" E, and 427 m above mean sea level). The climate of
the study site is a subtropical sub-humid with dry winters.
During the crop growth period, the average maximum tem-
perature, minimum temperature, relative humidity, average
pan evaporation, and rainfall were 26.9 °C, 11.5 °C, 65.6%,
2.8 mm, and 2.2 mm, respectively (Supplementary Fig. 1).
For the study, we used deep Vertisol (>50% clay), which
is classified as Isohyperthermic Typic Haplustert (World
reference Base soil Classification). The experimental soil
had 6.7 g kg™! soil organic C (Walkley and Black 1934),
113.4 mg kg™! available nitrogen (KMnO,-N) (Subbaiah
and Asija 1956), 5.64 mg kg~! available P (Olsen P) (Olsen
1954), and 68.8 mg kg~ available potassium (NH,OAc-K)
(Jackson 1973). The experimental soil was non-saline [elec-
trical conductivity 0.27 dS m™~" (1:2.5 soil suspension ratio)]
and moderately alkaline in reaction (pH 7.96) (Jackson
1973).

2.2 Treatment Description

The open-top chamber (OTC) experiment was conducted
during the winter season of 2018-2019. Two different CO,
concentration treatments, i.e., ambient [CO,] (without an
external supply of CO,) and elevated [CO,] (¢[CO,]), were
evaluated on chickpea crops. The average CO, concentra-
tion during the crop-growing season was recorded 370 + 10
ppmv in the ambient ¢[CO,] treatment and 570 +30 ppmv
in the e[CO,] treatment, respectively. There were six replica-
tions for each CO, treatment, and inside each OTC, chickpea
plants were grown in pots (six pots in each OTC). The OTCs
were made up of polycarbonate sheets, and their dimension
was 4 mx4 mx4 m. The CO, chamber located adjacent to
the OTCs was used to supply CO, gas (99.5% purity) at a
pressure of 2.0 kg cm™2 through a manifold system. In the
elevated CO, chambers, CO, was released through nozzles
connected to polyvinyl tubes. The desired gas concentration
was monitored through an automated control facility con-
nected to data loggers and SCADA software.

2.3 Crop Management

For the experiment, soils were collected from an undis-
turbed field and uniformly mixed and processed. The pots
(top diameter 15 cm, bottom diameter 15 cm, depth 50 cm)
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were filled with 10 kg soils. A basal dose of fertilizers rate
of 20-40-50 kg ha™! (N: P,05:K,0) was calculated for the
pot soil weight basis and mixed thoroughly at the time of
pot filling. The sources of fertilizer N, P, and K were urea
[CO(NH),, 46% N], single superphosphate (CaH,OgP,"2,
16% P,05), and muriate of potash (KCl, 60% K,O). Then,
the pots were watered and allowed to settle before sowing.
Five seeds of desi chickpea (cv. RVG-202) were sown in
each pot on 22 November 2018. The seeds were treated
with Rhizobium culture (> 107 bacteria g_l inert material) at
20 g kg seeds™!. After the emergence of the seedlings, three
healthy seedlings were retained in each pot. The pots were
watered at regular intervals, and to avoid overwatering, a
predetermined volume of water was added to each pot using
a handheld sprinkler to maintain 80% of field capacity. Dur-
ing the crop season, both the pot and soil were not disturbed.
As there was no incidence of disease and insect pests during
the crop season, no plant protection chemicals were applied.

2.4 Crop Growth and Yield Estimations

Periodical growth observations and plant dry weights were
recorded at branching (~55 days after sowing), flowering
(~75 days after sowing), and maturity stages by the destruc-
tive plant sampling method. The plant samples were oven-
dried at 65+ 2 °C for 72 h to estimate dry biomass and
expressed as g plant™!. At maturity, grains and remaining
plant parts were harvested separately. Both grain and stover
at maturity were expressed on oven-dry weight basis. The
harvest index, defined as the ratio of grain yield to above-
ground biomass at harvest, was calculated and expressed as
a percentage.

2.5 Crop Physiological Observations

At the pre-flowering stage, plant physiological parameters
like stomatal conductance, transpiration rate, photosynthetic
rate, and leaf temperature were recorded using a LiCor
6400 XT photosynthesis analysis system (LiCor Corpo-
rate, Nebraska, USA). Leaf chlorophyll a, chlorophyll b,
and nitrate reductase activity at the branching and flower-
ing stages were analyzed. Chlorophyll content in the leaves
was analyzed as per Hiscox and Israelstam (1979). In brief,
the chlorophyll content of leaf samples was extracted with
dimethyl sulfoxide (DMSO). After incubating the leaf sam-
ple at 50 °C for 2 ¥ h, the supernatant was decanted, and
leaf tissues were discarded. The optical density was read
at A=663 and 645 nm using 80% acetone as a blank by
a spectrophotometer (Model UV-1900i UV-Vis Spectro-
photometer, Shimadzu). Then, chlorophyll a (Eq. 1) and
chlorophyll b contents (Eq. 2) in leaf tissue was calculated
according to Arnon (1949) formula and expressed as pg g~
fresh leaf tissue.

Chlorophylla = 12.210Dgg; — 2.810Dg,s )

Chlorophyllb = 20.130Dg,5 — 5.030D¢; 2)

The nitrate reductase activity of leaf tissue was estimated
colorimetrically following the method of Cazetta and Villela
(2004). In brief, 0.1 gm leaf sample was taken in a test tube
followed by 3 ml of each phosphate buffer (pH 7.6), and
0.2 M KNOs; solution and propanol were added. Then, the
test tubes or samples were incubated at 30 °C in dark condi-
tions. Then, the test tubes were kept in a hot water bath for
20-25 min to end the reaction. After that, 1 ml of aliquot
was taken in a fresh test tube, and 1 ml each of sulfanilamide
(prepared in 1% HC) and 1 ml 0.025% N-(1-naphthyl)-eth-
ylenediamine dihydrochloride (NEDD) was added and kept
for 20 min for allowing pink color to develop. After that, the
readings were taken at 540 nm. The nitrate reductase activity
was determined by multiplying the reading value 406.8 and
expressed as nanomole NO,~ g~ ! fresh weight h™!.

2.6 Soil Sampling and Soil Analysis

Soil samples were collected, mixed, air-dried, and passed
through a 2-mm sieve. The procedure of Hedley et al. (1982)
was followed to estimate P fractions. The method of Murphy
and Riley (1962) was used for determining inorganic P
fractions (P1) irrespective of extractants. The ammonium
persulfate digestion method (EPA, 1971) was selected
for the determination of total P(Pt). Organic P (Po) was
determined by subtracting the value of Pt from Pi. Water-
soluble and permanganate oxidizable C were determined
following the methods of McGill et al. (1986) and Blair et al.
(1995), respectively. Acid and alkaline phosphatases were
determined following the method described by Tabatabai
and Bremner (1969), using p-nitrophenyl phosphate
as a substrate. p-Glucosidase was determined by using
p-nitrophenyl-p-d-glucopyranoside as substrate as per the
method described by Eivazi and Tabatabai (1988).

2.7 Plant P Uptake and P Use Efficiency Calculation

At the maturity, whole plant samples were collected, and the
grains, leaves, and stems were separated and oven-dried at
65+2 °C. The plant samples (grains, leaves, and stems) were
ground, passed through a 0.5-mm sieve, and kept in paper
packets for laboratory nutrient analysis. Total P content in
plant samples was determined using the sulfuric-nitric-per-
chloric acid digestion method (Jackson 1973). Phosphorus
accumulated in different plant parts (leaf, stem, and grain)
was calculated by multiplying phosphorus concentration in
the different plant parts with their corresponding biomass
dry weight and then added to estimate the total P uptake
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(or total aboveground P accumulation). Physiological P use
efficiency (Eq. 3), internal P use efficiency (Eq. 4), and P
harvest index (Eq. 5) were determined using the following
formula:

Aboveground biomass (mg plant™!)

nitrate reductase activity (Fig. 3c,f). The ¢[CO,] treatment
increased photosynthesis rate (+ 5%, p <0.05) (Fig. 4a) and
reduced stomatal conductance (— 16%, p <0.05) (Fig. 4b),
where the transpiration rate and canopy temperature depres-

Physiological P use efficiency (mg mg™") =

InternalPuseefficiency(mgmg™') =

= 3)
Aboveground P accumulation (mg plant™")
Grainweight (mgplant™") @)
AbovegroundPaccumulation(mg plant™")
GrainPaccumulation (mgplant™!
( £ ) (mgplant_l) x 100 ®)

Phosphorusharvestindex(%) =

AbovegroundPaccumulation

2.8 Statistical Analysis

Comparison of elevated and ambient [CO,] treatments was
made following the Student ¢-test procedure of two inde-
pendent variables (Gomez and Gomez 1984). The two treat-
ments were compared at 95% level of significance. The per-
cent and ratio data were subjected to logit transformation
before statistical analysis.

3 Results

3.1 Treatment-Induced Changes
in the Microenvironment

Results showed that the e[CO,] treatment marginally altered
the OTC environment. The ¢[CO,] treatment slightly
increased air temperature (inside the OTC) in the month
December (+0.49 °C), January (+0.42 °C), February
(+0.90 °C), and March (+0.70 °C) (Fig. 1). The morning
and evening soil temperatures were comparable in both the
ambient [CO,] and e[CO,] treatments (Fig. 2).

3.2 Crop Physiology, Growth, and Yield

The ¢[CO,] treatment had a significant impact on growth
and physiological attributes of chickpea. Higher chlorophyll
a and chlorophyll b were recorded under the e[CO,] treat-
ment over the ambient [CO,] treatment at both branching
and flowering stages (p <0.05) (Fig. 3a,b,d,e). The [chlo-
rophyll a/chlorophyll b] ratio was 5.17:1 in the ambient
[CO,] treatment at the branching stage, which was reduced
to 4.68:1 in the ¢[CO,] treatment. The ratio value was lower
at the flowering stage (3.7:1) compared to the branching
stage (4.9:1) (p <0.05). The ¢[CO,] treatment did not alter
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sion remain unchanged with the [CO,] treatments (p > 0.05)
(Fig. 4c,d).

The ¢[CO,] treatment increased plant height over the
ambient [CO,] treatment (p <0.05) (Table 1). Plant bio-
mass was higher in the ¢[CO,] treatment at all the growth
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Fig.1 Mean monthly daytime temperature (10:30 am—4:45 pm)
inside open-top chamber (OTC) in ambient (Amb. [CO,]) and ele-
vated [CO,] (Elev. [CO,]) treatments. Amb. [CO,]=ambient [CO,]
(370 ppmv); Elev. [CO,] =elevated [CO,] (570 ppmv)
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Fig.4 Effect of elevated and ambient [CO,] treatments on photosyn-
thetic rate (a), stomatal conductance (b), transpiration rate (c), and
canopy temperature depression (d) at pre-flowering stage of chickpea.
Error bar represents +standard error of mean. The different lower-
case letters correspond to the treatment are significantly different at
p<0.05. Amb. [CO,]=ambient [CO,] (370 ppmv); Elev. [CO,]=ele-
vated [CO,] (570 ppmv)

stages. The incremental changes in crop growth rate with
e[CO,] treatment during sowing to branching, branching
to pre-flowering, and pre-flowering to maturity were 20%,
24%, and 26%, respectively (p <0.05). The ¢[CO,] treat-
ment increased grain and biological yield by 10% and 19%,
respectively, over the ambient (p < 0.05) but reduced harvest
index (p <0.05).

3.3 Soil-Available P and P Pools

The ¢[CO,] treatment increased Olsen P (13%, p < 0.05)
at the flowering stage (Fig. 5b), but the effect was
non-significant at the branching stage (Fig. 5a). The
effect of elevated [CO,] treatment on NaHCO;-Pi,
NaHCOj;-Po, NaOH-Pi, and NaOH-Po pools was similar
to the ambient in all the growth stages, i.e., branching,
flowering, and maturity stages (Table 2). The temporal
dynamics of P fractions were prominent in the study.
For instance, a reduction in NaHCO;-Po was observed
after the flowering stage, where the values of NaOH-Po
followed the order maturity > branching > flowering
(p <0.05). The dissolved non-reactive P pool
(NaHCO;-Po + NaOH-Po) was reduced from 62.4
to 45.6 mg kg~' (27%, p <0.05) during branching
to flowering stage in ambient condition, while the
corresponding reduction in the e¢[CO,] treatment
was 61.2 to 38.7 mg kg~! (37%, p <0.01). From the
branching to the flowering stage, the incremental change
in NaHCO;-Pi was higher in the ¢[CO,] treatment (54%)
over the ambient [CO,] treatment (26%).

3.4 Soil Enzymes and Carbon

The e[CO,] treatment did not alter acid phosphatase and
alkaline phosphatase activities (p > 0.05) (Fig. 6a,b,d,e).
Notably, the activity scale of alkaline phosphatase was
relatively higher than acid phosphatase in the soil. Like-
wise, the effect of ¢[CO,] treatment on B-glucosidase
activity was also non-significant (Fig. 6c,f). The content
of KMnO,-C was higher in the ¢[CO,] treatment at both
the branching stage (+5%) and flowering stage (+ 14%)
over the ambient [CO,] treatment (p < 0.05) (Table 2). The
positive effect of ¢[CO,] treatment on water-soluble C was
prominent at the branching stage (+11%) and flowering
stage (+14%) (p <0.05). In the study, the depletion of
KMnO,-C was observed during the branching to the flow-
ering stage, higher in the ambient (22%) over the ¢[CO,]
treatment (15%).

Table 1 Changes in growth and

yield of chickpea with elevated Parameter Crop stage Ambient [CO,] Elevated [CO,] %A p value
[CO,] treatment over ambient Plant height (cm) Branching 22.1+0.46 252+0.92 +13.8  0.041
[CO,] treatment Pre-flowering  35.0+0.68 37.6+0.19 +75 0,020
Biomass (g plant™") Branching 3.30+0.14 3.96+0.17 +19.9 0.043
Pre-flowering 6.51+0.14 8.08+£0.27 +24.1 0.007
Grain yield (g plant™") Maturity 3.44+0.08 3.84+0.04 +11.6 0.015
Stover (g plant™") Maturity 8.60+0.3 11.21+0.2 +18.7 0.010
Harvest index (%) Maturity 28.6+2.06 25.5+0.57 -10.6 0.042
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%A = percent change with elevated [CO,] treatment over ambient [CO,] treatment



Journal of Soil Science and Plant Nutrition

12 1 ® 12 Ty

911_ ~11 -

; a i

2101 a 2l b

an an

g9 N

A 8 - A

5 7 - 5 8 -

S 6 - S 7

5 - 6 -
SR S
O O O O
NS NN
S S oF

O 9

Fig.5 Effect of elevated and ambient [CO,] treatments on Olsen P at
branching (a) and flowering stages (b). Error bar represents =+ stand-
ard error of mean. The different lowercase letters correspond to the
treatment are significantly different at p <0.05. Amb. [CO,]=ambi-
ent [CO,] (370 ppmv); Elev. [CO,]=elevated [CO,] (570 ppmv)

3.5 Phosphorus Uptake and P Input Use Efficiency

Grains and stover P accumulations (or uptake) were sig-
nificantly higher in e[CO,] treatment, which was recorded
9% (p <0.05) and 25% (p <0.01) higher over the ambient
[CO,] treatment (Table 3). Subsequently, the total P accu-
mulation was 17% higher in the ¢[CO,] treatment over the
ambient [CO,] treatment (p < 0.01). The ¢[CO,] treatment

increased physiological P use efficiency by 7% (p <0.05),
but did not change internal P use efficiency and P harvest
index over the ambient [CO,] treatment.

4 Discussion

The present study indicated a noticeable alteration in soil
processes influencing P availability under the ¢[CO,] envi-
ronment. Our results demonstrate that ¢[CO,] environment
could mobilize P in chickpea grown alkaline Vertisol. In
contrast, the short-term exposure to ¢[CO,] environment
failed to have a significant impact on NaHCO;-Pi, NaOH-
Pi, and dissolved non-reactive P fractions (NaHCOj;-Po,
NaOH-Po) when compared with ambient [CO,] environ-
ment. Previous reports also concluded that short-term
exposure to e[CO,] environment may not be sufficient to
trigger major changes in the soil-plant system that could
alter the soil inorganic P pools (Wasaki et al., 2005; Jin
et al., 2013). According to Jin et al. (2012) and Jin et al.
(2013), e[CO,] built up NaOH-extractable organic P in
soils with legume cropping, which is not certain in the
alkaline Vertisol of subtropical region. The possible rea-
son could be the enhanced rate of organic to inorganic P
conversion to meet the elevated demand of P by chickpea
plants under ¢[CO,] environment. Our results demonstrate
that the ambient and ¢[CO,] environments have a differ-
ential impact on the relative changes of P fractions over
the crop growth stages (temporal dynamics). For instance,
the higher rate of depletion of dissolved non-reactive P

Table 2 Changes in phosphorus

3 > Crop stage Parameter Ambient [CO,] Elevated [CO,] %A p value

fractions and labile carbon

with elevated [CO,] treatment Branching NaHCO,;-Pi 304+3.4 26.0+1.0 - 14.6 ns

over ambient [CO,] treatment NaHCO,-Po 3784238 354432 ~63 ns

at different growth stages of

chickpea NaOH-Pi 24.0+0.5 234+1.5 -25 ns
NaOH-Po 24.6+1.27 25.8+0.96 +4.8 ns
KMnO,-C 314.6+69 331.0+4.6 +5.2 0.032
Water-soluble C 18.0+0.50 21.0+0.82 +11.2 0.041

Flowering NaHCO;-Pi 382+32 40.1£2.2 +4.8 ns
NaHCO;-Po 28.5+5.6 23.6+6.5 -16.9 ns
NaOH-Pi 21.8+1.0 23.8+1.1 +9.2 ns
NaOH-Po 17.1+2.12 15.1+1.6 —11.8 ns
KMnO,-C 246.8+13.2 280.8+16.5 +13.8 0.043
Water-soluble C 16.8+3.12 19.1+2.54 +14.0 0.048
Maturity NaHCO;-Pi 329+1.7 35.6+£1.1 +8.4 ns

NaHCO;-Po 28.2+24 30.5+3.6 +79 ns
NaOH-Pi 25.1+19 28.4+1.0 +13.2 ns
NaOH-Po 35.6+4.1 38.0+2.2 +6.8 ns
KMnO,-C 265.4+17.5 285.8+11.6 +7.7 ns
Water-soluble C 11.8+1.73 12.7+0.48 +7.7 ns

%A = percent change with elevated [CO,] treatment over ambient [CO,] treatment; ns, non-significant
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Fig.6 Effect of elevated and
ambient [CO,] treatments on
acid phosphatase (ug p-nitro-
phenol g! soil h™), alkaline
phosphatase (ug p-nitrophenol
g ! soil h™!), B-glucosidase
(ug p-nitrophenol g h™), at
pre-flowering (a—c) and pod
development (d—f) stages of
chickpea. Error bar repre-

sents + standard error of mean.

The different lowercase letters
correspond to the treatment
are significantly different at
p<0.05. Amb. [CO,]=ambi-
ent [CO,] (370 ppmv); Elev.
[CO,] =elevated [CO,] (570

ppmv)

Table 3 Changes in
aboveground phosphorus
accumulation and phosphorus
use efficiency of chickpea in
elevated [CO,] treatment over
ambient [CO,] treatment
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Parameter Ambient [CO,] Elevated [CO,] %A p value
Grain P accumulation (mg plant_l) 9.9+0.15 10.7+0.13 +8.7 0.048
Stover P accumulation (mg plant™!) 8.8+0.28 11.0+£024 +254 0.002
Total P uptake (mg plant™) 18.7+0.34 21.8+0.29 +16.6 0.001
Internal P use efficiency of P (mg mg™!) 184+2.7 177+4.9 —43 ns
Physiological P use efficiency (mg mg™!) 645+16.7 691+21.4 +7.1 0.046
Phosphorus harvest index (%) 529+0.8 493+1.2 -73 ns

%A =percent change with elevated [CO,] treatment over ambient [CO,] treatment; ns, non-significant

fractions (NaHCO;-Po, NaOH-Po) from branching to
flowering stage (p < 0.05) could be a reason for the incre-
mental changes in Olsen P (19%) and NaHCO;-Pi (54%)
under ¢[CO,] environment. The significant depletion of
KMnO,-C from branching to flowering stages further

@ Springer

verifies a higher mineralization rate in the tropical soil
irrespective of the [CO,] treatments. The increased Olsen
P at flowering with the ¢[CO,] environment might be
attributed to the increase in the labile C compounds (par-
ticularly water-soluble C). The low-molecular-weight
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soluble C compounds can increase P availability by com-
petitive sorption in the soil matrix (Guppy et al., 2005).
Chickpea exudates a large amount of low-molecular-
weight organic acids to mobilize P in the rhizosphere
(Veneklaas et al. 2003). This may be further interpreted
that the increased photosynthate accumulation under the
¢[CO,] environment might have higher rhizodeposition
of water-soluble C compounds. According to Kant et al.
(2007), wheat under ¢[CO,] (600 ppmv) produces 49%
more dissolved organic C than ambient environment. On
the same line, Das et al. (2011) conceptualized that sub-
sided microbial activity in the ambient conditions failed
to utilize optimum native water-soluble carbohydrate C
in the soil while a part of total carbohydrate C transforms
into a water-soluble form.

A build-up of mineralizable organic compounds triggers
phosphatase enzymes’ activities; however, in the study, the
increase in water-soluble C and KMnO,-C with ¢[CO,]
treatment did not stimulate phosphatase enzymes activi-
ties. Plants also release phosphatase to mineralize organic
P to soluble Pi, and this is often viewed as an adaptation
strategy under P-deficient conditions (Gomez and Carpena
2014). Therefore, this is possible that lower P availability
in ambient conditions might have increased phosphatase
released by chickpea plants leading to a non-significant
treatment difference. Other workers have also reported the
inconspicuous impact of e[CO,] on phosphatase in different
grain legumes (Haase et al. 2008; Jin et al. 2013).

Our results demonstrate that ¢[CO,] environment has
a favorable influence on crop growth and physiology of
chickpea under subtropical climate. An increased rate of
photosynthesis coupled with reduced oxidative reaction of
Rubisco under ¢[CO,] environment leads to top up the bio-
mass production in C3 plants (Long et al. 2006). Our results
also verify that the increased photosynthetic rate under the
e[CO,] environment leads to higher biomass accumulation
in the leguminous crop. The results of crop growth rate sug-
gest that the increase in photosynthates accumulation with
e[CO,] treatment is consistent throughout the crop stages,
even at the later growth stage (pre-flowering to maturity). The
reduced stomatal conductance under e[CO,] condition would
directly impact crop water use efficiency, possibly higher for
the rainfed/dryland crop like chickpea. In the study, the tran-
spiration rate was not affected by e[CO,] treatment despite
significantly reducing stomatal conductance under ¢[CO,]
conditions. This is possible because of the non-deficit soil
moisture condition and, thereby, retention of leaf water flux
(Mishra and Agrawal 2015). Considering this, the effect of
e[CO,] on chickpea under water-limited environments would
be much more interesting, particularly concerning water use
efficiency and photosynthates assimilations.

Studies have reasoned that carbohydrate build-up and
leaf N concentration diminution impeding normal nitrate

reductase activity vis-a-vis nitrate assimilation under
e[CO,] condition (Reich et al. 2006). However, our result
indicates that the ¢[CO,] environment does not necessar-
ily affect nitrate reductase activity in the chickpea plant.
Several studies have reasoned that the legumes will be
at an advantage over non-legumes, as their growth and
N fixation increase under e¢[CO,] conditions (Ross et al.
2004). Hence, an increased biological N fixation under
¢[CO,] condition might have maintained the nitrate reduc-
tase activity in chickpea leaves. The chlorophyll a/b ratio
([C5sH,,05N,Mg]/[C55sH,)N,OgMg]) indicates an N-limit-
ing condition in the later stages of chickpea growth, which
is possible because of nodule senescence and subsequent
dilution of tissue N with increased growth. As mentioned,
the non-significant difference in the chlorophyll a/b ratio
indicates that N is not a limiting factor, and that is why
facilitated the photosynthates assimilation. Free-air CO,
studies showed a higher photosynthetic rate over ambi-
ent because of the higher chlorophyll content (Dey et al.
2017, 2019).

The higher uptake of P in the ¢[CO,] treatment was
undoubtedly attributed to the increased crop growth (higher
biomass accumulation) and plant productivity sustained by
the increased availability of labile Pi (Olsen P). The incre-
mental change in P accumulation with e[CO,] was much
higher in the stover part than the grain. This implies that
the intra-plant distribution of P was altered, leading to a
reduced P use efficiency (internal P use efficiency). This
is particularly important that the acquired P by the plants
is effectively utilized for grain development to improve P
use efficiency, particularly concerning the depleting global
P reserve, increased cost of fertilizers, and fertilizer P pol-
lutions. However, The physiological P use efficiency, which
demonstrates the utilization of acquired P for biomass pro-
duction, is significantly increased under the ¢[CO,] condi-
tion, suggesting that the scale of change in photosynthates
accumulation was more prominent over the magnitude of
increase in P uptake by the chickpea plants. Hence, the
study suggests that in tropical environments, the effects of
e[CO,] are primarily favorable for chickpea growth and plant
nutrition. Thus, there is no valid sustainability concern with
increasing atmospheric [CO,] in the major chickpea grow-
ing belts of central India (subtropical sub-humid climate).
Nevertheless, future studies are warranted in different soil
conditions, climates, and other legumes to verify the results.

5 Conclusions
The study concluded that the elevated CO, environment

(~570 ppmv) could enhance P availability in tropical
Vertisol and improve P nutrition of chickpea. Our results
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indicated that the increased rate of mineralization of organic
P and the competitive sorption with the increased water-
soluble carbon compound(s) due to higher plant P demand
could be the possible reasons for the increased availability of
P under elevated CO, conditions. Results further suggested
that elevated CO, at 570 ppmv has no adverse impact on
chickpea crop growth and physiology, instead favored higher
biomass accumulation attributed to increased photosynthetic
rate and leaf chlorophyll content. The higher physiological
P use efficiency with the elevated CO, treatment indicated
the greater incremental change of biomass over P acquisition
under elevated CO, conditions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42729-022-00781-4.
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