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ARTICLE INFO ABSTRACT

Edited by Dr Muhammad Zia-ur-Rehman Globally, many low to medium yielding peanut fields have the potential for further yield improvement. Low
phosphorus (P) limitation is one of the significant factors curtailing Arachis hypogaea productivity in many re-

Keywords: gions. In order to demonstrate the effects of gamma-aminobutyric acid (GABA) on peanuts growing under P
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deficiency, we used a pot-based experiment to examine the effects of exogenous GABA on alleviating P
deficiency-induced physiological changes and growth inhibition in peanuts. The key physiological parameters
examined were foliar gas exchange, photochemical efficiency, proton motive force, reactive oxygen species
(ROS), and adenosine triphosphate (ATP) synthase activity of peanuts under cultivation with low P (LP, 0.5 mM
P) and control conditions. During low P, the cyclic electron flow (CEF) maintained the high proton gradient
(ApH) induced by low ATP synthetic activity. Applying GABA during low P conditions stimulated CEF and
reduced the concomitant ROS generation and thereby protecting the foliar photosystem II (PSII) from photo-
inhibition. Specifically, GABA enhanced the rate of electronic transmission of PSII (ETRII) by pausing the pho-
toprotection mechanisms including non-photochemical quenching (NPQ) and ApH regulation. Thus, GABA was
shown to be effective in restoring peanut growth when encountering P deficiency. Exogenous GABA alleviated
two symptoms (increased root-shoot ratio and photoinhibition) of P-deficient peanuts. This is possibly the first
report of using exogenous GABA to restore photosynthesis and growth under low P availability. Therefore, foliar
applications of GABA could be a simple, safe and effective approach to overcome low yield imposed by limited P
resources (low P in soils or P-fertilizers are unavailable) for sustainable peanut cultivation and especially in low
to medium yielding fields.

1. Introduction 2022). As a leguminous crop, peanuts have high requirements for P and
are sensitive to P bioavailability (Nikkhah et al., 2015; Cong et al., 2020;

Peanut (Arachis hypogaea L.) is among the major oil and food le- Shi et al., 2020; Dokwal et al., 2021). Many peanut-producing areas are
gumes, and it is also a principal source of edible oil and protein in most located in developing countries and have low to medium-yielding fields,
developing countries (Zhuang et al., 2019; He et al., 2021; Li et al., which implied that the soils in these countries are lacking in various
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mineral nutrients and especially plant-available P (Kochian, 2012; Shi
et al., 2020).

Phosphorus deficiency generally limits crop primary production and
multiple factors contribute to the limitation of P bioavailability in soils
(Zhu, 2016; Sharma et al., 2021; Wang et al., 2021). P is highly immo-
bilized in soils due to chemical fixation by oxides and hydroxides of Fe>*
and AI*" and the transformation of P to an organic state requires
compatible microbial activities (Lopez-Arredondo et al., 2014; Roy
et al., 2016; Bindraban et al., 2020). Many of the world’s farmlands are
in regions with soil-bound P thereby leading to low P bioavailability for
crop utilization (Kochian, 2012; Lambers, 2021). Many growers gener-
ally apply very high P-fertilization input in order to increase the P
bioavailability. In due process, the high P-fertilization also increases the
potential for P leaching through farmland drainage and surface runoff
causing severe environmental pollution such as water eutrophication
(Roy et al., 2016; Schneider et al., 2019; Bindraban et al., 2020;
Janes-Bassett et al., 2022; Zhong et al., 2022). Most of the phosphate
fertilizer is derived from phosphate rock, which is essentially a
non-renewable resource (Fixen and Johnston, 2012). Based on the cur-
rent production of P fertilizers globally, the naturally occurring phos-
phate rock resources will be exhausted in 50-100 years (Johnston et al.,
2014; Lambers, 2021). It is noteworthy that the area of poor-yielding
fields for peanut cultivation in China is large, and that the
plant-available P in these soils is mostly in a state of deficiency (Shi
et al., 2020). Thus, there is considerable interest to develop an effective
nutritional regime to enhance P use efficiency where peanuts can grow
normally to deliver high yield while using less P fertilizer.

P is an essential element for living organisms (Lambers and Oliveira,
2019; Wang et al., 2021). P is also an important component of nucleic
acids, proteins, phospholipids, ATP, ADP, and various P-containing en-
zymes in plants (Lambers and Oliveira, 2019; Shi et al., 2020; Brown
et al., 2022). P deficiency severely inhibits plant growth and develop-
ment (Tiziani et al., 2020). For plants, the P deficiency has two typical
characteristics: (a) the increased root-shoot ratio; (ii) severe photo-
inhibition (Liu, 2021). In general, P deficiency inhibits the growth of
plant shoots, inhibits the growth of roots slightly, and even enhances the
growth of roots (Fredeen et al., 1989). Plants under P deficiency allocate
more photosynthetic carbon to roots. Growth depends on carbon gain
through photosynthetic processes, and the photosynthetic processes are
essentially dependent on P compounds (Veneklaas et al., 2012). Under a
low P supply, the P contents of peanut leaves also decrease corre-
spondingly (Shi et al., 2020). The low P levels in leaves are associated
with low photosynthetic rates (Veneklaas et al., 2012). The internal
phosphorus in barley leaves decreases as the P supply decreases
(Lambers et al., 2011). Studies have shown that P deficiency can reduce
Pi in chloroplasts, resulting in a decrease in ATP synthesis rate and ATP
synthase activity (Carstensen et al., 2018). P deficiency is usually
accompanied by oxidative stress (Zhang et al., 2017). The oxidative
damage of the photosynthetic apparatus is caused by the imbalance
between ROS scavenging and generation. The decrease in photosystems
leads to photoinhibition (Khorobrykh et al., 2020). Furthermore, studies
have shown that insufficient P supply leads to the thylakoid lumen
acidification that alters the energy dissipation of PSII by triggering the
energy-dependent quenching (qE) of NPQ (Yamori et al., 2016; Car-
stensen et al., 2018; Shi et al., 2020).

Interestingly, the non-proteinogenic amino acid y-aminobutyric acid
(GABA) was first isolated in 1949 from potatoes (Steward et al., 1949),
prior to its discovery in animal extracts (Roberts and Frankel, 1950).
With further research over the decades, it was suggested GABA might act
as an inhibitory neurotransmitter in animals and humans (Owens and
Kriegstein, 2002; Hellier, 2014; Hepsomali et al., 2020). With further
intensive plant-related research, GABA is considered to be ubiquitous in
plants (Steward et al., 1949; Li et al., 2021a). In recent years, GABA has
been gradually applied to regulate the growth and development of
plants under various biotic and abiotic stress (Bown and Shelp, 2016; Liu
et al., 2021). The role of GABA in plants as a signaling molecule is
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beginning to emerge with many studies (Bown and Shelp, 2016; Fromm,
2020; Li et al., 2021a). GABA plays a crucial role in regulating plant
growth and development (Uzma Jalil et al., 2019; Du et al., 2020; Khan
etal., 2021). Exogenous GABA is assimilated and quickly metabolized to
succinic acid that enters into the tricarboxylic acid cycle (TCA) cycle
(Hijaz and Killiny, 2019). Exogenous GABA activates the TCA cycle to
generate more energy and also acts as a signal molecule and metabolite
to regulate protein expression in various physiological processes such as
ROS scavenging systems and photoreaction (Fan et al., 2015). GABA
alleviates oxidative stress by inducing a series of antioxidative enzy-
matic activities (Nayyar et al., 2013; Wang et al., 2017). The application
of GABA enhances the actual quantum yield of PSII [Y(II)] under salt
stress, and alleviates the inhibition of PSII (Li et al., 2016a). The GABA
shunt of tomatoes under P deficiency is reported to be completely acti-
vated and not activated in control plants (Li et al., 2020). At present, the
mechanism by which exogenous GABA alleviates foliar photoinhibition
in plants under P deficiency is unknown (Li et al., 2020; Khan et al.,
2021).

Due to its unique pharmacological as a non-proteinogenic amino
acid, and non-toxic properties, GABA is sold as a dietary supplement in
many countries to deliver a calming effect (anti-anxiety effects,
enhancing sleep) in humans (Owens and Kriegstein, 2002; Foster and
Kemp, 2006; Hellier, 2014; Hepsomali et al., 2020). From a biochem-
istry perspective, the amino group in GABA is not attached to the alpha
carbon; thus it is not incorporated into proteins like the regular
alpha-amino acids (Hellier, 2014). It is reported recently that various
microorganisms in the environment, including bacteria, fungi, and
yeast, could secrete GABA (Sarasa et al., 2020; Heli et al., 2022). GABA
is also produced through a bio-based green route from agricultural
waste, such as waste gluten (Renes et al., 2017). Furthermore, due to its
wide availability and safe property, GABA is often used as an additive in
food and feed materials (Sarasa et al., 2020; Heli et al., 2022). Thus,
GABA can be widely used in agricultural production without affecting
human health and the environment. Moreover, GABA is a safe substance
as any amino acid leachates will be decomposed rapidly in soil (within
minutes to hours) (Enggrob et al., 2019; Hill and Jones, 2019).

It was shown earlier that exogenous GABA improved photosynthesis
and plant growth under abiotic stress (Braga-Reis et al., 2021). The
aspect of GABA-mediated physiological responses to low P stress in
plants was first reported in 2020 (Li et al., 2020). However, the rela-
tionship between exogenous GABA and plant growth status during low
nutrient conditions (i.e., P deficiency) remains unclear. There is also no
information about the effects of GABA on various foliar gas exchange
functionality (photosystems activities, photosynthetic electron trans-
port, and ATP synthase activity) under conditions of P limitation (Shelp
et al., 2021). Therefore, from the perspective of delivering safe and
sustainable peanut production, it is vital to understand the mechanism
(s) of improving P utilization and especially under low P conditions. The
main objectives of this study are: 1) To evaluate the effects of GABA on
growth and development of peanuts under low P condition; 2) To
evaluate the effects of GABA on ROS of peanuts under sub-low P con-
dition; 3) To examine the effects of GABA on PSI activity, PSII activity,
chlorophyll ATP synthase, and proton gradient in thylakoid lumen in
peanut under low P condition by fluorescence probe technique.

2. Materials and methods

The common peanut cultivar in China, “Liaoning Baisha” was used in
2020. Peanut seeds were germinated in a sterile tray in an incubator for
two days at 28 °C, then peanut seeds of uniform size were selected and
transplanted into 50 pots (114 mm height, 136 mm diameter, 1 seeding
per pot) of an equal amount of sand. The pots were placed in a controlled
climate chamber (Converon, Winnipeg, Canada), with a daytime tem-
perature of 28 °C and a nocturnal temperature of 23 °C at a relative
humidity (RH) of 60 + 5 %. The Hoagland’s nutrient solution was
supplied every two days. On day 14, 1.5 L ultrapure water was used in
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each pot to remove any localized nutrient salt patches through flushing.
Then the pots with peanut seedings of uniform size were divided into
four treatment groups with the same quantity: (1) control plants (CK)
(normal P level+ foliar spray of type 1 ultrapure water), (2) GABA
(normal P level + foliar spray of 10 mM GABA), (3) LP (low P stress +
foliar spray of type 1 ultrapure water), (4) LP + GABA (low P stress +
foliar spray of 10 mM GABA). The nutrient solution is configured ac-
cording to the published article of our previous study (Shi et al., 2020).

Based on preliminary experiments carried out for this specific peanut
cultivar, two P levels in the form of KH,PO4 were used (Shi et al., 2020):
the normal P level for CK (1 mM), and the low P level for LP (0.5 mM) in
peanut cultivation. All nutrients were prepared with type 1 ultrapure
water (Milli-Q Element, Millipore, Burling, USA). The pH of the solution
was adjusted to 6 £ 0.3 with ultrapure HCl. To maintain the appropriate
treatment conditions in the rhizosphere, 25 mL of the solution for each
treatment was supplied every two days.

The optimum concentration of GABA (10 mM) was established in our
previous experiments. The seedling leaves of the peanut were sprayed
until dripping with ultrapure water. For the GABA and LP + GABA
treatments, 10 mM GABA was evenly applied twice a day (at 8:00 and
16:00) for 3 days [6, 7, and 8 days of LP treatment (DoL)]. For the CK
and LP treatments, ultrapure water was evenly applied twice a day (at
8:00 and 16:00) for 3 days [6, 7, and 8 days of LP treatment (DoL)].

At 9 Dol, three seedlings of each treatment were selected for mea-
surements of biomass, plant height, leaf area, leaf relative chlorophyll
concentration, leaf gas exchange, superoxide radical (Oy-") generation
rate, and leaf hydrogen peroxide (H203) concentration. Relative chlo-
rophyll concentration was determined non-destructively on the third
youngest fully expanded leaf of the main stem using a hand-held chlo-
rophyll meter (SPAD-502 plus, Japan) at 10 DoL; the measurements
were carried out on leaf lamina and avoiding the leaf veins (Ding et al.,
2018b). For consistency, the net photosynthetic rate (Pn), Stomatal
conductance (g;), transpiration rate (Tr), and intercellular COy con-
duction (C;) were monitored on the third youngest fully expanded leaf
with an open gas exchange system (GFS 3000; Heinz Walz, Effeltrich,
Germany) at 9 DoL. All gas exchange measurements were taken at a
PPFD of 1000 pmol photons m~2-s™!, a constant airflow rate of 750
pmol-s’l. The concentration of CO,, leaf cuvette relative humidity, and
temperature were set to 400 pmol COgz mol™, 60 %, and 25 °C,
respectively (Shi et al., 2020). For authentication, the various gas ex-
change readings obtained using the GFS 3000 Walz system were checked
using readings obtained using another open gas exchange system
Li-6400 (Licor Inc, Lincoln, Nebraska, US) on peanuts and other species
(Yong et al., 2010).

Chlorophyll fluorescence and P700 parameters were measured on
the third youngest fully expanded leaf using the Dual-PAM 100 (Heinz
Walz, Effeltrich, Germany) as described elsewhere (Wu et al., 2020a).
The fluorescence slow kinetics were measured after fully dark adjust-
ment at 9 DoL. The rapid light curves (RLCs) were determined at 10 DoL.
The RLCs were determined at the light intensity of 0, 22, 30, 48, 106,
184, 226, 342, 513, 771, and 1190 pmol quanta-m~%s~'. Y(I) is the
actual quantum yield of PSI. The value of CEF = ETR(I) — ERT(II) and the
ratio of the quantum yield of CEF to Y(II) [Y(CEF)/Y(ID] = [Y(D-Y
(ID1/Y1I were used to determine cyclic electron flow (Wu et al., 2020a).
Chlorophyll fluorescence images were determined with an
imaging-pulse-amplitude-modulated (PAM) chlorophyll fluorometer
(Heinz Walz, GmbH, Effeltrich, Germany) as described elsewhere (Wu
et al., 2020a). Electrochromic shift (ECS) single was monitored simul-
taneously using Dual-PAM 100 with a P515/535 module (Wu et al.,
2020a). Three independent peanut seedlings per treatment were
selected at 10 DoL for the determination of the following indicators.
After 90 min of dark adaptation, P515 signal changes induced by a single
turnover flash were measured. After 10 min of light at 1000 pmol
quanta-m2-s!, dark adaptation 4 min, P 515 signal changes induced by
saturating single turnover flashes were measured. The dark-light-dark
induction curve reflects the change in membrane potential. Actinic
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light (AL; 600 pmol quanta-m~2-s~!) was turned on at 5 s and off at 125
s. The ApH and transmembrane potential (A¥) across the thylakoid
membranes were analyzed by using ECS signal changes.

As an index of lipid peroxidation, malondialdehyde (MDA) was
assayed according to the method (Heath and Packer, 1968; Gupta et al.,
2017). The samples (0.2 g) of peanut leaves were homogenized with
trichloroacetic acid and centrifuged. The supernatant was measured
according to the instructions. MDA content was calculated according to
the following formula-H;O, was assayed according to the previous
method (Yu et al., 2003). Peanut leaf samples (0.5 g) were homogenized
with phosphate buffer and centrifuged. The supernatant was measured
according to the instructions. The HyO4 content (pmol /L) was calcu-
lated using the spectrophotometric readings measured at an absorbance
of 415 nm. The generation rate of O3 in peanut leaves was assayed ac-
cording to the method (Elstner and Heupel, 1976; Nguyen et al., 2021).
Peanut leaf samples (0.2 g) were homogenized with phosphate buffer
and centrifuged at 10000 r/min for 20 min at 4 °C. Supernatant was
measured according to the instructions. The O3 content (pmol /L) was
calculated based on a comparison of absorbance with a standard curve
(using sodium nitrite as the standard) at 530 nm. The O>- generation rate
was expressed as:

MDA  content(pumol /L) = 6.45 ( ODs3; — ODgyy ) — 0.560D,50

O,  generation rate[umol/(g-h)] = 2

T Voxmxt

Peanut leaves were ground to a uniform particle for leaf P analysis by
digestion with HoSO4-H202 and quantification using the molybdenum
blue method. P contents were obtained by P concentrations and dry
weight (DW) values (Li et al., 2021b). Peanut leaves simple (0.1 g DW)
were digested by microwave system (Milestone Ethos one, Italy) with
5 mL HNOj3 (65 %, guarantee reagent) 1 mL HyO, (30 %, guarantee
reagent), and 2 mL HyO (typel ultrapure water, Milli-Q Element, Mil-
lipore, Burlington, USA). The microwave digestion program was 10 min
at 100 °C, 10 min at 170 °C, and 20 min at 180 °C. The digest was
diluted to 50 mL in water (type 1 ultrapure water) and filtered through a
quantitative filter paper. The leaf concentration of calcium (Ca) was
determined by flame atomic absorption spectrometry (280FSAA, Agilent
Technologies, America). Ca contents were obtained by metal concen-
trations and DW Values.

The experiment adopted a random block design. The results pre-
sented here are the mean values and standard errors of three biological
replicates of a final experiment, following earlier unpublished baseline
studies. Statistical analysis was carried out using one-way ANOVA in
Origin 2022. The results were presented as mean values and standard
errors of three biological replicates. Fisher LSD tests at P = 0.05 were
performed to highlight the differences among the three treatments.
Indicate significant differences among treatments at P < 0.05.

3. Results
3.1. Plant growth, leaf P and Ca concentration

The relative growth and development parameters were measured to
examine the effects of exogenous GABA on peanut growth under low P
stress (Fig. 1). The low phosphorus (LP) treatment decreased plant
height in peanuts. The LP + GABA treatment produced taller plants than
the LP treatment (Fig. 1A). The LP treatment reduced dry matter accu-
mulation in peanuts (Fig. 1B). Compared with LP, the LP + GABA
treatment enhanced the dry weight of peanuts. And LP treatment
reduced the leaf area in peanuts compared with CK (Fig. 1C). No sig-
nificant differences in leaf area were observed between LP and LP
-+ GABA treatments. The CK and GABA had the highest relative chlo-
rophyll concentration (SPAD), followed by LP + GABA, with the lowest
in LP (Fig. 1D). Compared to other treatments, the LP treatment reduced
leaf P and Ca concentrations. And the GABA and LP + GABA enhanced
them into the level of CK (Fig. 1E, F).
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Fig. 1. Effects of exogenous gamma-
aminobutyric acid (GABA) on (A) plant height,
(B) total dry weight, (C) leaf area, (D) relative
chlorophyll concentration (SPAD values), (E)
leaf P concentration, (F) leaf calcium (Ca) con-
centration, and (G) root-shoot radio in peanut
leaves under low P stress. Values are means of
three biological replicates =+ SE (n=3).
Different letters indicate significant differences
among treatments at P < 0.05. Note: CK refers to
the control plants and LP refers to plants
receiving low phosphorus.
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3.2. Superoxide anion generation rate, hydrogen peroxide, and lipid
peroxidation

The peanut plants receiving low phosphorus (LP) treatment had a
higher leaf O3 generation rate and HyO5 content than the control plants
(CK). And the combination of LP + GABA reduced them significantly
(Fig. 2A, B). Additionally, exogenous GABA-induced alleviation of
oxidative damage in peanut leaves under LP is evident in reduced MDA
content (Fig. 2C).

3.3. Leaf gas exchange

To investigate the effects of exogenous GABA on the gas exchange
capacity of peanuts under low P stress, we carried out measurements
consistently on the third fully expanded true leaf (Fig. 3). No significant
differences in C; and Tr were observed among the different treatments.
Compared with CK, LP reduced Pn and g in contrast, LP + GABA
enhanced Pn and g; in peanuts leaves (Fig. 3).

3.4. Foliar photosystem activity

The leaves in LP treatment had a lower maximal quantum yield of
PSII (Fy/Fn) than CK, while LP + GABA had similar values to CK
(Fig. 4A). The leaves in the LP treatment had higher NPQ than that of
CK; LP + GABA had lower NPQ than LP (Fig. 4B).

The LP treatment decreased the Y(II) relative to CK (Fig. 4C). The Y
(ID) of LP treatments declined and dissipated excess energy by increasing
the regulatory quantum yield of PSII [Y(NPQ)] (Fig. 4E). The rise of non-
regulatory quantum yield [Y(NO)] to a higher level indicates that the
heat dissipation was not sufficient to dissipate the excess excitation
energy of PSII in LP treatment. Compared to LP treatment, LP + GABA
treatment enhanced Y(II) by reducing Y(NPQ) and Y(NO) (Fig. 4D, E).
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The LP treatment reduced Y(I) compared with other treatments
(Fig. 4F). The quantum yield of PSI nonphotochemical energy dissipa-
tion due to acceptor-side limitation [Y(NA)] had no significant differ-
ences among all treatments (Fig. 4G). Compared with other treatments,
LP enhanced the quantum yield of PSI nonphotochemical energy dissi-
pation due to donor-side limitation [Y(ND)] significantly (Fig. 4H).

3.5. Photosynthetic electron transport

The electron transport rate of PSII and PSI in peanut leaves increased
with the intensification of light intensity. The LP treatment reduced both
ETR(II) and ETR(I) than those of CK. The combined LP + GABA treat-
ment enhanced both ETR(II) and ETR(I) under high-light conditions
relative to LP (Fig. 5A, B). The LP + GABA treatment gave the highest
CEF rate in all treatments beyond 186 pmol quanta m~2 s™! of light
intensity (Fig. 5C). The LP treatment increased the ratios of the quantum
yield of CEF to Y(II) compared to CK, and LP + GABA enhanced it more
than that of LP from 226 pmol quanta m~2 s~ onward. And GABA
treatment also enhanced the ratios of the quantum yield of CEF to Y(II)
relative to CK (Fig. 5D).

3.6. Thylakoid membrane integrity, ATP synthase activity, and the proton
motive force

The higher activity of ATP synthase, the faster the proton efflux and
the faster the ESC signal will decay (Fig. 6B). LP treatment reduced the
membrane integrity and ATP-Synthase activity of thylakoid based on
P515 signaling (Fig. 6A). Compared with LP treatment, LP + GABA
treatment enhanced the membrane integrity and ATP-synthase activity
of thylakoids (Fig. 6A, B). GABA treatment enhanced the membrane
integrity and ATP-synthase activity of thylakoid, relative to CK (Fig. 6A,
B). Meanwhile, LP treatment also reduced the transmembrane potential
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Fig. 2. Effects of exogenous gamma-aminobutyric acid (GABA) on (A) hydrogen peroxide (H20,) content, (B) Osgeneration rate, and (C) malondialdehyde (MDA)
content in peanut leaves under low P stress. Values are means of three biological replicates + SE (n = 3). Different letters indicate significant differences among

treatments at P < 0.05. FW: fresh weight.
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Fig. 3. Effects of exogenous gamma-aminobutyric acid (GABA) on (A) net photosynthetic rate (Pn), (B) stomatal conductance (g,), (C) transpiration rate (Tr), and (D)
intercellular CO, concentration (C;) in peanut leaves under low P stress. Values are means of three biological replicates + SE (n = 3). Different letters indicate

significant differences among treatments at P < 0.05.

AY and increased the proton gradient ApH of the thylakoid lumen
(Fig. 6D). Compared with LP treatment, LP + GABA treatment enhanced
AY and decreased ApH. No significant differences were observed in
proton motive force (PMF) among all treatments (Fig. 6E).

4. Discussion
4.1. Effects of low P stress on peanut photosynthetic capacity and growth

Phosphorus (P) has a crucial role in plant growth and development
(Johnston et al., 2014; Lopez-Arredondo et al., 2014; Ren et al., 2018;
Lambers and Oliveira, 2019), and low P stress inhibited the development
of peanuts (FigurelA-D), which is consistent with earlier findings (Shi
et al., 2020). Under low P stress, the light-capturing ability was limited
by smaller leaf area and lower leaf chlorophyll concentration (Fig. 1C,
D). The results showed that the root-shoot ratio increased under low P
stress (Fig. 1G). One of the typical responses to P deficiency is an in-
crease in the root-shoot ratio (Liu, 2021). Earlier studies on melon,
Medicago truncatula, lupinus species, and other crops showed that P
deficiency inhibited plant growth and development (Ding et al., 2018a;
Lietal., 2018; Wang et al., 2020; Dokwal et al., 2021; Pang et al., 2023).

Low P stress inhibited the net photosynthetic rate of peanut leaves
(Fig. 3A). We demonstrated that the leaf P concentration of peanuts
under low P stress was decreased (Fig. 1E), which is consistent with the
leaf P concentration corresponding with a suboptimal P range (Shi et al.,
2020). Concentrations of P and Ca®" in peanut leaves decreased even
under low phosphorus stress. Previous studies have shown that Ca®* and
P concentrations in lettuce leaves decreased simultaneously as the P
supply was lowered (Hayes et al., 2019). The decrease of P in leaves will
affect photosynthetic carbon assimilation and other metabolic processes
in plants (Pieters et al., 2001; Carstensen et al., 2018). P deficiency
lowered the photosynthetic rates due to its direct effect on the Pi level in

the chloroplasts (Singh and Reddy, 2015). The dark reaction of photo-
synthesis is the main factor limiting the net photosynthetic rates of
plants under P deficiency (Fleisher et al., 2012). Low P levels decreased
photosynthetic rates and increased the proportion of starch in the
product (Heldt et al., 1977). Due to low Pi and high sugars in plants
under low P levels, ADP glucose pyrophosphorylase transcription
increased, which caused starch accumulation in the chloroplasts of these
plants (Zhang et al., 2014). The accumulation of starch induced by P
deficiency can indirectly inhibit the activity of Calvin cycle enzymes,
thereby reducing the photosynthetic rates (Zhang et al., 2014; Yan et al.,
2015; Carstensen et al., 2018).

Based on our analyses, the O3 generation rate (Fig. 2B), HoO5 content
(Fig. 2A), MDA content (Fig. 2C), and the integrity of the thylakoid
membrane (Fig. 6A) demonstrated that low P stress-induced photooxi-
dation stress in peanut leaves. Phosphorus deficiency increased the
accumulation of Hy0O, in leaves when undergoing LP stress(Fig. 2),
which is consistent with earlier findings in cucumbers (Wang et al.,
2022). P deficiency caused an imbalance in ROS metabolism, causing a
dramatic increase in ROS in chloroplasts (Foyer and Hanke, 2022; Wang
et al., 2022). Even the leaves of cucumbers under moderately low
phosphorus supply also produced excessive O3 and Hy0», resulting in
significant oxidative damage (Wang et al., 2022). ROS is the main cause
of leaf membrane lipid peroxidation and chlorophyll reduction during
photo-oxidation stress (Kim and Apel, 2013; Agnihotri et al., 2018;
Gupta and Seth, 2022). Cellular membranes or organelle membranes are
especially susceptible to ROS damage, thus increasing the MDA content
(Singh et al., 2017; Su et al., 2019; Kumar and Seth, 2021). Some studies
suggest that the decrease in antioxidant enzyme activity is the main
cause of ROS metabolism imbalance (Wang et al., 2022). Antioxidant
enzymes themselves are not sufficient to remove these ROS under stress
(Kapoor et al., 2019; Kumar et al., 2023). When the downstream elec-
tron acceptor of the photosynthetic electron transport chain is limited,



Z. Sun et al. Ecotoxicology and Environmental Safety 263 (2023) 115388
0.95 02 04 06 08 1
0.90 F

a
g ; 1
= 0851 g- b
- a = a = b T
b == Ir =
0.80 |
0.75 0
CK  GABA LP LP+GABA CK  GABA LP LP+GABA
Treatment Treatment
0.9 0.4
C D
b a b 03b W 2
L b
0.6 c _ T - -
) S 02
> =
031
0.1p
0.0 0.0
CK  GABA LP LP+GABA CK  GABA LP LP+GABA
Treatment Treatment
0.3 0.9
E F
0.2F a a
5 a a —_ b a
a5 = T e 0.6}
Z a a 5 0
= T -
0.1r
0.0 0.3
CK  GABA LP LP+GABA CK GABA LP LP+GABA
Treatment Treatment
0.25 0.4
G H
0.20f a . a 03k
a T .
2015 1 T = 5 b - b
z Zoaf b 2 T
> 0.10} >
0.1+
0.05}
0.00 0.0
CK  GABA LP LP+GABA CK GABA LP LP+GABA
Treatment Treatment

Fig. 4. Effects of exogenous gamma-aminobutyric acid (GABA) on (A) F,/Fy,, (B) NPQ, (C) Y(II), (D) Y(NO), (E) Y(NPQ), (F) Y(I), (G) Y(NA), and (H) Y(ND) in peanut
leaves under low P stress. The color photos of A and B are foliar chlorophyll fluorescence images. Values are means of three biological replicates + SE (n = 3).
Different letters indicate significant differences among treatments at P < 0.05.



Z. Sun et al.

150 = CK —— P

-¥- GABA —&— LP+GABA
@ 2

100

&
=
m
50
0 200 400 600 800 1000 1200 1400
PAR (pmol quanta m™> s'l)
&=
&)

| | | 1 | |

0 200 400 600 800 1000 1200 1400
PAR (umol quanta m'2-s'l)

Ecotoxicology and Environmental Safety 263 (2023) 115388

ETR(I)

4 | 1 1 | 1 |
0 200 400 600 800 1000 1200 1400

PAR (umol quanta m? -s'l)

Y(CEF)/Y(I)

| |
400 600 800 1000 1200 1400

PAR (pmol quanta m'2*s'l)

Fig. 5. Effects of exogenous gamma-aminobutyric acid (GABA) on (A) ETR(I), (B) ETR(I), (C) CEF, and (D) Y(CEF)/Y(Il) in peanut leaves under low P stress. The
value of CEF = ETR(I) — ERT(II) and the ratio of the quantum yield of CEF to Y(II) [Y(CEF)/Y(ID] = [Y(D)-Y(ID1/Y(II) were used to determine cyclic electron flow.
Values are means of three biological replicates + SE (n = 3). Different letters indicate significant differences among treatments at P < 0.05.

electrons are transferred to Oz, which makes chloroplasts known as the
main production site of ROS (Foyer and Hanke, 2022).

When the various activities of the photosystems are poorly coordi-
nated, the photosystems would encounter varying degrees of photo-
inhibition (Tikkanen et al., 2014). ROS are produced when excess
electron flow from PSII to PSI and causes damage to PSI (Tikkanen et al.,
2014). However, we found that PSII suffered more visible photo-
inhibition than PSI (Fig. 4). PSII and PSI have evolved opposing strate-
gies to deal with excess electrons (Tikkanen et al., 2014). In contrast to
PSII, the recovery from PSI is extremely slow (Tikkanen et al., 2014).
Photoinhibition of PSII is one of the mechanisms for protecting PSI from
photoinhibition (Tikkanen et al., 2014). The ApH and cycle electron
flow plays a critical role in photoprotection for PSI through the regu-
lation of the redox state of PSI (Wu et al., 2020a). We found that the ApH
of peanut leaves increased under P deficiency, which is consistent with
earlier findings in maize (Carstensen et al., 2018). In addition, our re-
sults found that the ApH of thylakoid was increased under the P defi-
ciency (Fig. 6D), which means thylakoid lumen acidification. A high pH
of the lumen caused by the stress defect disturbs the downregulation of
the Cyt bgf complex (Yamamoto and Shikanai, 2019; Arshad et al.,
2022). Our results demonstrated that the CEF rate of peanut leaves was
increased under the P deficiency. The CEF around PSI is thought to be
essential for the photoprotection of PSI, which can protect PSI from the
damage caused by excess electrons from the acceptor side of PSI (Wu
et al., 2020a; Moustakas et al., 2022). PSI is very tolerant to excess light
but sensitive to excess electrons (Tiwari et al., 2016). Studies have
shown that the main biological role of CEF is to regulate rather than
enhance ETR, especially to protect PSI from damage (Storti et al., 2020).
Cyclic electron transport can also contribute to forming a major ApH
under stress. The CEF provides extra ATP to accelerate the repair of PSII
which is dependent on ATP synthesis (Allakhverdiev et al., 2005).
Non-photochemical quenching (NPQ) represents the capacity of plants
to dissipate excess excitation energy and resist photo-oxidation stress in
the photosystems (Horton et al., 1994; Farooq et al., 2018; Arshad et al.,

2022). The increase of NPQ (Fig. 4B) is also the adaptive mechanism of
peanut PSII to excess light energy. Previous studies have confirmed the
relationship between NPQ and thylakoid lumen acidification induced by
P deficiency (Ruban, 2016; Arshad et al., 2022). Acidification of the
thylakoid lumen activates the gE component of NPQ of PSII and reduces
energy transfer efficiency from LHCII to the photosynthetic electron
transport chain (Niyogi, 1999; Shikanai and Yamamoto, 2017).
Although this caused Y(NPQ) to increase and Y(II) to decrease, which is
manifested as PSII photoinhibition (Fig. 4A, C). Plant photosynthetic
complexes have evolved to control and minimize electron transport to
O5 (Foyer and Hanke, 2022).

4.2. GABA restored peanuts photosynthetic capacity and growth during P
Deficiency

Exogenous GABA both enhanced plant dry matter, plant height, and
leaf chlorophyll concentration of peanuts under P deficiency (Fig. 1). P
deficiency usually interferes with various metabolic processes, thereby
limiting crop growth and development (Lambers and Oliveira, 2019).
GABA is currently recognized as a new plant growth regulator (PGR)
involved in the response to various adversities (Zhou et al., 2021). GABA
was reported to be involved in facilitating plant resilience to various
environmental stresses, such as heat (Li et al., 2016b), cold (Mazzuco-
telli et al., 2006), drought (Li et al., 2017b), low nitrogen (Chen et al.,
2020) and NaCl (Wu et al., 2020b). The mechanism of GABA absorbed
by plant leaves is the same as that of endogenous GABA (Hijaz and
Killiny, 2019). Therefore, foliar spraying of GABA can enhance the level
of GABA in plants (Li et al., 2016b; Cekic, 2018). GABA acts as a signal
molecule or metabolite in regulating plant growth and various devel-
opmental events (Deng et al., 2020; Zhou et al., 2021). GABA may also
be a regulator of plant ion transport (Kinnersley and Lin, 2000). Later
studies further proved that GABA directly regulates the activity of
plant-specific anion transporters (Ramesh et al., 2015; Ramesh et al.,
2018). Our results showed that GABA reduced the root-shoot ratio under
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the P deficiency (Fig. 1G). P deficiency disrupted the C allocation of
plants (Hermans et al., 2006). The inhibition of P deficiency on stem
growth is greater than that of the root, which forms a typical charac-
teristic of P deficiency in plants with an increased root-shoot ratio.
GABA altered C metabolic flux by modulating hormone homeostasis and
transcriptional modification in hormonal signaling pathways (Xie et al.,
2020).

Based on our combined analyses of the following: the CEF (Fig. 5),
ROS (Fig. 2A, B), MDA concentration (Fig. 2C), the integrity of thylakoid
membrane (Fig. 6A), and the photosystem activity (Fig. 4); the exoge-
nous GABA protected the thylakoid membrane and photosynthetic ma-
chinery by reducing reactive oxygen species (Fig. 7). Under abiotic stress
conditions, excess electrons in the photosynthetic electron transport
chain cause ROS generation, leading to oxidative stress in the photo-
synthetic apparatus. The antioxidant enzyme system is usually the first
barrier against ROS (Kapoor et al., 2019). The increase of ROS during P
deficiency conditions indicated that the photosynthetic apparatus was
under oxidative stress, and further, the photosynthetic membranes
might have been damaged (Fig. 2C; 6 A). GABA involved in
up-regulating antioxidant enzyme activity has been widely studied. But
antioxidant defense system consisting of superoxide dismutase (SOD)
and ascorbate peroxidase (APX) is not sufficient to remove these ROS
(Kanazawa et al., 2017). Chloroplasts are the main sites for ROS pro-
duction, and various abiotic stresses can lead to higher ROS production
(Zhu, 2016). It is rarely reported that GABA reduces ROS by regulating

the excess electrons of the photosynthetic electron transport chain
which is the source of ROS generation. In our study, GABA alleviated the
photoinhibition of PSI and PSII, which contributed to reducing excess
electrons and ROS generation (Fig. 2). Studies have shown that exoge-
nous GABA alleviated the photoinhibition of pepper seedlings under low
light stress by up-regulating the antioxidant enzyme defense system and
maintaining high photochemical efficiency (Li et al., 2017a).

Based on our analyses, ATP-synthase activity (Fig. 6B), photosystems
activities (Fig. 4), ApH (Fig. 6D), photosynthetic electron transport
(Fig. 5), and leaf P concentration (Fig. 1E) demonstrated that exogenous
GABA largely alleviates the inhibition of high ApH on photosynthetic
electron transport by enhancing ATP synthase activity under low P stress
(Fig. 7). Peanuts sprayed with GABA probably allocated more P into the
leaves (Fig. 1E). The combined lowering of nucleic acid P and metabolic
P was the main reason for the decrease in leaf P concentration under P
deficiency (Zhang et al., 2018). P deficiency disrupts plant metabolism
and Pi level in the chloroplasts (Singh and Reddy, 2015; Muhammad
et al., 2021). ATP synthase is very sensitive to chloroplast Pi, and any
fluctuation of Pi can also affect the activity of ATP synthase (Carstensen
et al., 2018). The relative stability of PMF in peanut leaves under P
deficiency also indicated that it was not the main reason for the decrease
of chloroplast ATP synthase activity (Fig. 6B). Priority to the distribution
of phosphorus to photosynthetic leaves enhanced the use efficiency of
phosphorus (Stitt et al., 2010; Hayes et al., 2019). The current results
showed that GABA enhanced the P and Ca?* levels in peanut leaves
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under P deficiency (Fig. 1E, F). Our findings are consistent with previous
studies, which reported that the level of P and Ca®" in lettuce leaves
were proportional to P supply levels (Hayes et al., 2019). However, we
also observed that GABA enhanced leaf P level under P deficiency
because of the increased Ca2* level, rather than the opposite. GABA may
affect the allocation of P, although this effect may be indirect. Studies
have shown that a high Ca®" supply will enhance not only Ca concen-
tration but also P concentration in leaves; this is attributed to the change
in the P allocation pattern, rather than the uptake (Ding et al., 2018b).

10

The uptake and distribution of Ca®" in plants are regulated by exoge-
nous GABA (Kinnersley and Lin, 2000). GABA has been proposed to also
affect the flux of Ca®* (Yu et al., 2014). Moreover, most Ca is located in
mesophyll cells, while most P is located in epidermal cells, which avoids
the deposition of Ca and P in the leaves (Ding et al., 2018b). The increase
of Ca concentration in leaves induced by exogenous GABA under P
deficiency and the role of Ca®" in regulating the P allocation pattern
further revealed that Ca®* played an important role in modulating signal
transduction in GABA-facilitated responses to P deficiency.
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In our study, exogenous GABA reduced the ApH of the thylakoid,
which means the acidity of the thylakoid lumen decreased (Fig. 6D). It is
pointed out that the accumulation of H' in chloroplasts is mainly
dependent on three factors: (i) HT coupled with LEF. (ii) H coupled
with CEF. (iii) H" outflow from the thylakoid lumen to chloroplast
stroma, which is controlled by ATP synthase (Yang et al., 2018). Our
results showed that GABA enhanced photosynthetic electron transport
(Fig. 5), and ATP-synthase activity (Figs. 6B, 7) under P deficiency,
indicating that the improvement of ATP synthase activity was the main
reason for GABA to alleviated the acidification of thylakoid lumen in
peanut leaves under P deficiency. The improvement of CEF and LEF
undoubtedly delivers more H" to the thylakoid lumen. CEF generates a
ApH gradient without PSII (Yamori et al., 2016). CEF around PSI can
contribute a large ApH under stress in which LEF is limited (Yamori
et al.,, 2016; Wu et al., 2020a). The reduction of ApH accelerated the
oxidation of PQH; at Cyt bef, promoted the electron transfer to PSI, and
contributed to the reduction of P680 (Suorsa et al., 2012; Tikkanen
etal.,, 2015; Yang et al., 2018). Therefore, we concluded that exogenous
GABA induced the ATP synthase, LEF and CEF to form a new proton
gradient equilibrium under low P stress (Fig. 7).

In summary, we studied the NPQ (Fig. 4B), ApH (Fig. 6D), Y(NPQ)
(Fig. 4E), and Y(NO) (Fig. 4D) to better understand the detailed
photosynthetic processes in peanuts during optimal and deficient P
nutrition conditions. We observed that various photoprotection mech-
anisms were engaged and these processes probably lowered the photo-
synthetic electron transport except for CEF under P deficiency. It is
plausible that GABA removed the prevailing limitation imposed upon
the photosynthetic electron transport through these photoprotection
mechanisms (except for CEF) which included the photoprotection
mechanism for quenching excess light energy (NPQ), slowing down the
rate of oxidation/reduction at Cyt bef (photosynthetic-control), and the
proton gradient regulation (Barbato et al., 2020). Interestingly, GABA
could down-regulate the photoprotection mechanisms (except for CEF)
to restore photosynthetic electron transport. The “turning off” of the
photoprotective photosystem I was known to be an alternate way to
alleviate foliar photoinhibition (Tikkanen and Grebe, 2018). This is also
possibly the first report of using exogenous GABA to restore photosyn-
thesis and growth during P deficiency (Fig. 7).

5. Conclusions

P deficiency inhibited various photosynthetic processes and the
growth of peanuts. Specifically, the PSII encountered severe photo-
inhibition during P deficiency. The decrease of ATP synthase activity
was the main reason to activate the photoprotection mechanism of
proton gradient regulation of peanut leaves under low P stress.

Our study proved for the first time that exogenous and non-toxic
GABA effectively restored the growth and development of peanuts
when encountering P deficiency conditions. Specifically, the exogenous
GABA enhanced the activity of chloroplast ATP synthase and slowed
down the thylakoid lumen acidification. The exogenous GABA enhanced
ETRII by pausing various photoprotection mechanisms including NPQ
and proton gradient regulation. In addition, the exogenous GABA also
stimulated cyclic electron transfer to deliver more electrons from PSII to
PSI while concomitantly reducing ROS generation. Exogenous GABA
application can effectively alleviate the two symptoms (increased root-
shoot ratio and photoinhibition) of low-phosphorus stressed peanuts.
These results indicated that the application of exogenous GABA could
effectively improve the growth of peanuts during P deficiency. Inter-
estingly, because of the signal amplification of GABA and Ca®*, a new
type of chelating fertilizer based on GABA and Ca®" interaction may be a
useful strategy in enhancing the low phosphorus adaptation in peanuts.
It remains to be discovered whether GABA could improve P use effi-
ciency in other crops and contribute globally to sustainable agricultural
production in many regions with low P in the soils.

11

Ecotoxicology and Environmental Safety 263 (2023) 115388

Patents
Not applicable.

Informed consent statement
Not applicable.

A novelty statement

We first demonstrated that gamma-aminobutyric acid (GABA), a
non-proteinogenic amino acid, was effective in restoring peanut growth
during P deficiency.

Supplementary materials
Not applicable.
Funding

This research was funded by the National Key R&D Program of China
(2018YFD1000703, 2018YFD1000700), the Foundation of Liaoning
Province Education Administration (LJKZ0661), the National Natural
Science Foundation of China (31772391, 31601627, 31301842) and
ARC Linkage Project (LP200100341).

CRediT authorship contribution statement

Yifei Liu designed the experiment. Zhiyu Sun, Chunming Bai, and
Xiaori Han experimented and collected data for preliminary analysis.
Di Wu, Zhiyu Sun, Mingzhu Ma, Huan Liu, Rui Bai, and Jean Wan
Hong Yong further analyzed the data and prepared the manuscript.
Zhiyu Sun, Chunming Bai, Yifei Liu, Mingzhu Ma, and Jean Wan
Hong Yong revised the manuscript. All authors contributed to the
article and approved the submitted version.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Raw data used for this manuscript are available upon request to the
corresponding author.

Acknowledgements

This study was carried out with support from Sheng Jing Talents
Project (RC170338), and the China Scholarship Council Cooperation
Project with Canada, Australia, New Zealand, and Latin America for
Scientific Research and High-level Personnel Training (2023-21). Spe-
cial thanks to Nanning Hanhe Biotechnology Co., Ltd. for providing
high-quality GABA agents for this study.

References

Agnihotri, A., et al., 2018. Counteractive mechanism (s) of salicylic acid in response to
lead toxicity in Brassica juncea (L.) Czern. cv. Varuna. Planta 248, 49-68.

Allakhverdiev, S.I., et al., 2005. Systematic analysis of the relation of electron transport
and ATP synthesis to the photodamage and repair of photosystem II in synechocystis.
Plant Physiol. 137, 263-273.

Arshad, R, et al., 2022. A kaleidoscope of photosynthetic antenna proteins and their
emerging roles. Plant Physiol. 189, 1204-1219.

Barbato, R., et al., 2020. Higher order photoprotection mutants reveal the importance of
ApH-dependent photosynthesis-control in preventing light induced damage to both
photosystem II and photosystem I. Sci. Rep. 10, 6770.


http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref1
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref1
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref2
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref2
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref2
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref3
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref3
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref4
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref4
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref4

Z. Sun et al.

Bindraban, P.S., et al., 2020. Exploring phosphorus fertilizers and fertilization strategies
for improved human and environmental health. Biol. Fertil. Soils 56, 299-317.
Bown, A.W., Shelp, B.J., 2016. Plant GABA: not just a metabolite. Trends Plant Sci. 21,

811-813.

Braga-Reis, 1., et al., 2021. Gamma-aminobutyric acid (GABA) and acetylcholine (ACh)
alleviate water deficit effects in soybean: from gene expression up to growth
performance. Environ. Exp. Bot. 182, 104303.

Brown, R.W., et al., 2022. Nutrient (C, N and P) enrichment induces significant changes
in the soil metabolite profile and microbial carbon partitioning. Soil Biol. Biochem.
172, 108779.

Carstensen, A., et al., 2018. The impacts of phosphorus deficiency on the photosynthetic
electron transport chain. Plant Physiol. 177, 271-284.

Cekic, F.O., 2018. Exogenous GABA stimulates endogenous GABA and phenolic acid
contents in tomato plants under salt stress. Celal Bayar Univ. Fen. Bilim. Derg. 14,
61-64.

Chen, W., et al., 2020. Exogenous GABA promotes adaptation and growth by altering the
carbon and nitrogen metabolic flux in poplar seedlings under low nitrogen
conditions. Tree Physiol. 40, 1744-1761.

Cong, W., et al., 2020. Tightening the phosphorus cycle through phosphorus-efficient
crop genotypes. Trends Plant Sci. 25, 967-975.

Deng, X., et al., 2020. Induction of y-aminobutyric acid plays a positive role to
Arabidopsis resistance against Pseudomonas syringae. J. Integr. Plant Biol. 62,
1797-1812.

Ding, W., et al., 2018a. Effects of calcium and its interaction with phosphorus on the
nutrient status and growth of three Lupinus species. Physiol. Plant. 163, 386-398.

Ding, W., et al., 2018b. Sensitivity of different Lupinus species to calcium under a low
phosphorus supply. Plant Cell Environ. 41, 1512-1523.

Dokwal, D., et al., 2021. Phosphorus deprivation affects composition and spatial
distribution of membrane lipids in legume nodules. Plant Physiol. 185, 1847-1859.

Du, C,, et al., 2020. Effects of GABA and vigabatrin on the germination of Chinese
chestnut recalcitrant seeds and its implications for seed dormancy and storage.
Plants 9, 449.

Elstner, E.F., Heupel, A., 1976. Inhibition of nitrite formation from hydroxyl ammonium
chloride: a simple assay for superoxide dismutase. Anal. Biochem 70, 616-620.
Enggrob, K.L., et al., 2019. Newly depolymerized large organic N contributes directly to

amino acid uptake in young maize plants. New Phytol. 224, 689-699.

Fan, L., et al., 2015. Comparative proteomic analysis of gamma-aminobutyric acid
responses in hypoxia-treated and untreated melon roots. Phytochemistry 116,
28-37.

Farooq, S., et al., 2018. Dynamic feedback of the photosystem II reaction centre on
photoprotection in plants. Nat. Plants 4, 225-231.

Fixen, P.E., Johnston, A.M., 2012. World fertilizer nutrient reserves: a view to the future.
J. Sci. Food Agric. 92, 1001-1005.

Fleisher, D.H., et al., 2012. Response of potato gas exchange and productivity to
phosphorus deficiency and carbon dioxide enrichment. Crop Sci. 52, 1803-1815.

Foster, A., Kemp, J., 2006. Glutamate- and GABA-based CNS therapeutics. Curr. Opin.
Pharmacol. 6, 7-17.

Foyer, C.H., Hanke, G., 2022. ROS production and signalling in chloroplasts:
cornerstones and evolving concepts. Plant J. 111, 642-661.

Fredeen, A.L., et al., 1989. Influence of phosphorus nutrition on growth and carbon
partitioning in Glycine max. Plant Physiol. 89, 225-230.

Fromm, H., 2020. GABA signaling in plants: targeting the missing pieces of the puzzle.
J. Exp. Bot. 71, 6238-6245.

Gupta, P., et al., 2017. 24-Epibrassinolide and Sodium Nitroprusside alleviate the salinity
stress in Brassica juncea L. cv. Varuna through cross-talk among proline, nitrogen
metabolism and abscisic acid. Plant Soil 411, 483-498.

Gupta, P., Seth, C., 2022. 24-Epibrassinolide regulates functional components of nitric
oxide signalling and antioxidant defense pathways to alleviate salinity stress in
Brassica juncea L. cv. Varuna. J. Plant Growth Regul. 1-16.

Hayes, P.E., et al., 2019. Calcium modulates leaf cell-specific phosphorus allocation in
Proteaceae from southwestern Australia. J. Exp. Bot. 70, 3995-4009.

He, S., et al., 2021. Carbon and nitrogen footprints accounting of peanut and peanut oil
production in China. J. Clean. Prod. 291, 125964.

Heath, R.L., Packer, L., 1968. Photoperoxidation in isolated chloroplasts: I. Kinetics and
stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 125, 189-198.

Heldt, H.W., et al., 1977. Role of orthophosphate and other factors in the regulation of
starch formation in leaves and isolated chloroplasts. Plant Physiol. 59, 1146-1155.

Heli, Z., et al., 2022. Recent advances of y-aminobutyric acid: Physiological and
immunity function, enrichment, and metabolic pathway. Front. Nutr. 9, 1076223.

Hellier, J.L., 2014. The Brain, the Nervous System, and Their Diseases. ABC-Clio/
Greenwood, Westport, Connecticut, USA.

Hepsomali, P., et al., 2020. Effects of oral gamma-aminobutyric acid (GABA)
administration on stress and sleep in humans: a systematic review. Front. Neurosci.
14, 923.

Hermans, C., et al., 2006. How do plants respond to nutrient shortage by biomass
allocation? Trends Plant Sci. 11, 610-617.

Hijaz, F., Killiny, N., 2019. Exogenous GABA is quickly metabolized to succinic acid and
fed into the plant TCA cycle. Plant Signal. Behav., 14, e1573096-€1573096.

Hill, P.W., Jones, D.L., 2019. Plant-microbe competition: does the injection of isotopes of
Cand N into the rhizosphere effectively characterize plant use of soil N? New Phytol.
221, 796-806.

Horton, P., et al., 1994. Regulation of light harvesting in green plants (indication by
nonphotochemical quenching of chlorophyll fluorescence). Plant Physiol. 106,
415-420.

Janes-Bassett, V., et al., 2022. A meta-analysis of phosphatase activity in agricultural
settings in response to phosphorus deficiency. Soil Biol. Biochem. 165, 108537.

12

Ecotoxicology and Environmental Safety 263 (2023) 115388

Johnston, A.E., et al., Chapter five - phosphorus: its efficient use in agriculture. In: D. L.
Sparks, (Ed.), Advances in Agronomy. Academic Press, 2014, 177-228.

Kanazawa, A., et al., 2017. Chloroplast ATP synthase modulation of the thylakoid proton
motive force: implications for photosystem I and photosystem II photoprotection.
Front. Plant Sci. 8, 719.

Kapoor, D., et al., 2019. Antioxidant enzymes regulation in plants in reference to reactive
oxygen species (ROS) and reactive nitrogen species (RNS). Plant Gene 19, 100182.

Khan, M.I.R., et al., 2021. Role of GABA in plant growth, development and senescence.
Plant Gene 26, 100283.

Khorobrykh, S., et al., 2020. Oxygen and ROS in photosynthesis. Plants 9, 91.

Kim, C., Apel, K., 2013. '0,-mediated and executer-dependent retrograde plastid-to-
nucleus signaling in norflurazon-treated seedlings of Arabidopsis thaliana. Mol. Plant.
6, 1580-1591.

Kinnersley, A.M., Lin, F., 2000. Receptor modifiers indicate that 4-aminobutyric acid
(GABA) is a potential modulator of ion transport in plants. Plant Growth Regul. 32,
65-76.

Kochian, L.V., 2012. Plant nutrition rooting for more phosphorus. Nat. Commun. 488,
466-467.

Kumar, D., et al., 2023. Titanium dioxide nanoparticles potentially regulate the
mechanism(s) for photosynthetic attributes, genotoxicity, antioxidants defense
machinery, and phytochelatins synthesis in relation to hexavalent chromium toxicity
in Helianthus annuus L. J. Hazard. Mater. 454, 131418.

Kumar, D., Seth, C., 2021. Photosynthesis, lipid peroxidation, and antioxidative
responses of Helianthus annuus L. against chromium (VI) accumulation. Int. J.
Phytoremediat. 24, 1-10.

Lambers, H., et al., 2011. Phosphorus nutrition of Proteaceae in severely phosphorus-
impoverished soils: are there lessons to be learned for future crops? Plant Physiol.
156, 1058-1066.

Lambers, H., 2021. Phosphorus acquisition and utilization in plants. Annu. Rev. Plant
Biol. 73 (1), 1-1.26.

Lambers, H., Oliveira, R., 2019. Plant Physiological Ecology. Springer.

Li, C., et al., 2022. Integrated metabolomic and transcriptomic analyses of two peanut
(Arachis hypogaea L.) cultivars differing in amino acid metabolism of the seeds. Plant
Physiol. Biochem. 185, 132-143.

Li, L., et al., 2021a. The versatile GABA in plants. Plant Signal. Behav. 16, 1862565.
Li, M.F., et al., 2016a. Exogenous gamma-aminobutyric acid increases the salt tolerance
of wheat by improving photosynthesis and enhancing activities of antioxidant

enzymes. Biol. Plant. 60, 123-131.

Li, P., et al., 2018. Physiological and biochemical responses of Cucumis melo L.
chloroplasts to low-phosphate stress. Front. Plant Sci. 9, 1525.

Li, Y., et al., 2017a. Effects of exogenous y-aminobutyric acid (GABA) on photosynthesis
and antioxidant system in pepper (Capsicum annuum L.) seedlings under low light
stress. J. Plant Growth Regul. 36, 436-449.

Li, Y., et al., 2021b. Effect of phosphorus supplementation on growth, nutrient uptake,
physiological responses, and cadmium absorption by tall fescue (Festuca arundinacea
Schreb.) exposed to cadmium. Ecotoxicol. Environ. Saf. 213, 112021.

Li, Z., et al., 2016b. Metabolic pathways regulated by y-aminobutyric acid (GABA)
contributing to heat tolerance in creeping bentgrass (Agrostis stolonifera). Sci. Rep. 6,
30338.

Li, Z., et al., 2017b. Metabolic pathways regulated by abscisic acid, salicylic acid and
y-aminobutyric acid in association with improved drought tolerance in creeping
bentgrass (Agrostis stolonifera). Physiol. Plant. 159, 42-58.

Li, Z., et al., 2020. Metabolite alteration in response to low phosphorus stress in
developing tomato fruits. Plant Physiol. Biochem. 159, 234-243.

Liu, C., et al., 2021. Activation of the ABA signal pathway mediated by GABA improves
the drought resistance of apple seedlings. Int. J. Mol. Sci. 22, 12676.

Liu, D., 2021. Root developmental responses to phosphorus nutrition. J. Integr. Plant
Biol. 63, 1065-1090.

Loépez-Arredondo, D.L., et al., 2014. Phosphate nutrition: improving low-phosphate
tolerance in crops. Annu. Rev. Plant Biol. 65, 95-123.

Mazzucotelli, E., et al., 2006. Metabolism of y-aminobutyric acid during cold acclimation
and freezing and its relationship to frost tolerance in barley and wheat. J. Exp. Bot.
57, 3755-3766.

Moustakas, M., et al., 2022. Harnessing the role of foliar applied salicylic acid in
decreasing chlorophyll content to reassess photosystem II photoprotection in crop
plants. Int. J. Mol. Sci., 23.

Muhammad, LI, et al., 2021. The dynamic responses of oil palm leaf and root
metabolome to phosphorus deficiency. Metabolites 11, 217.

Nayyar, H., et al., 2013. y-Aminobutyric Acid (GABA) imparts partial protection from
heat stress injury to rice seedlings by improving leaf turgor and upregulating
osmoprotectants and antioxidants. J. Plant Growth Regul. 33, 408-419.

Nguyen, T.T., et al., 2021. Impact of electron beam irradiation on the chlorophyll
degradation and antioxidant capacity of mango fruit. Appl. Biol. Chem. 64, 19.
Nikkhah, A., et al., 2015. Environmental impacts of peanut production system using life

cycle assessment methodology. J. Clean. Prod. 92, 84-90.

Niyogi, K.K., 1999. PHOTOPROTECTION REVISITED: genetic and molecular approaches.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 333-359.

Owens, D.F., Kriegstein, A.R., 2002. Is there more to GABA than synaptic inhibition? Nat.
Rev. Neurosci. 3, 715-727.

Pang, J., et al., 2023. Enhanced nodulation and phosphorus acquisition from sparingly-
soluble iron phosphate upon treatment with arbuscular mycorrhizal fungi in
chickpea. Physiol. Plant., e13873

Pieters, A.J., et al., 2001. Low sink demand limits photosynthesis under Pi deficiency.
J. Exp. Bot. 52, 1083-1091.

Ramesh, S.A., et al., 2015. GABA signalling modulates plant growth by directly
regulating the activity of plant-specific anion transporters. Nat. Commun. 6, 7879.


http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref5
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref5
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref6
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref6
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref7
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref7
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref7
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref8
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref8
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref8
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref9
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref9
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref10
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref10
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref10
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref11
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref11
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref11
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref12
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref12
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref13
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref13
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref13
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref14
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref14
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref15
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref15
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref16
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref16
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref17
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref17
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref17
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref18
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref18
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref19
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref19
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref20
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref20
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref20
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref21
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref21
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref22
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref22
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref23
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref23
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref24
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref24
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref25
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref25
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref26
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref26
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref27
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref27
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref28
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref28
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref28
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref29
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref29
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref29
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref30
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref30
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref31
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref31
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref32
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref32
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref33
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref33
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref34
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref34
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref35
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref35
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref36
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref36
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref36
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref37
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref37
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref38
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref38
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref38
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref39
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref39
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref39
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref40
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref40
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref41
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref41
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref41
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref42
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref42
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref43
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref43
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref44
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref45
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref45
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref45
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref46
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref46
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref46
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref47
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref47
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref48
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref48
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref48
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref48
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref49
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref49
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref49
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref50
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref50
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref50
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref51
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref51
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref52
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref53
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref53
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref53
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref54
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref55
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref55
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref55
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref56
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref56
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref57
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref57
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref57
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref58
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref58
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref58
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref59
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref59
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref59
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref60
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref60
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref60
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref61
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref61
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref62
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref62
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref63
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref63
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref64
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref64
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref65
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref65
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref65
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref66
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref66
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref67
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref67
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref67
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref68
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref68
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref69
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref69
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref70
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref70
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref71
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref71
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref72
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref72
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref72
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref73
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref73
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref74
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref74

Z. Sun et al.

Ramesh, S.A., et al., 2018. Aluminum-activated malate transporters can facilitate GABA
transport. Plant Cell 30, 1147-1164.

Ren, P, et al., 2018. Molecular mechanisms of acclimatization to phosphorus starvation
and recovery underlying full-length transcriptome profiling in barley (Hordeum
vulgare L.). Front. Plant Sci. 9, 500.

Renes, E., et al., 2017. Production of conjugated linoleic acid and gamma-aminobutyric
acid by autochthonous lactic acid bacteria and detection of the genes involved.

J. Funct. Food 34, 340-346.

Roberts, E., Frankel, S., 1950. y-aminobutyric acid in the brain: its formation from
glutamic acid. J. Biol. Chem. 187, 55-63.

Roy, E.D., et al., 2016. The phosphorus cost of agricultural intensification in the tropics.
Nat. Plants. 2, 16043-16043.

Ruban, A.V., 2016. Nonphotochemical chlorophyll fluorescence quenching: mechanism
and effectiveness in protecting plants from photodamage. Plant Physiol. 170,
1903-1916.

Sarasa, S.B., et al., 2020. A brief review on the non-protein amino acid, gamma-amino
butyric acid (GABA): its production and role in microbes. Curr. Microbiol. 77,
534-544.

Schneider, K.D., et al., 2019. Options for improved phosphorus cycling and use in
agriculture at the field and regional scales. J. Environ. Qual. 48, 1247-1264.

Sharma, M., et al., 2021. A significant increase in rhizosheath carboxylates and greater
specific root length in response to terminal drought is associated with greater
relative phosphorus acquisition in chickpea. Plant Soil 460, 51-68.

Shelp, B.J., et al., 2021. y-Aminobutyrate (GABA) regulated plant defense: mechanisms
and opportunities. Plants 10.

Shi, Q., et al., 2020. Phosphorus-fertilisation has differential effects on leaf growth and
photosynthetic capacity of Arachis hypogaea L. Plant Soil 447, 99-116.

Shikanai, T., Yamamoto, H., 2017. Contribution of cyclic and Pseudo-cyclic electron
transport to the formation of proton motive force in chloroplasts. Mol. Plant. 10,
20-29.

Singh, D., et al., 2017. Interactive Effects of EDTA and oxalic acid on chromium uptake,
translocation and photosynthetic attributes in indian mustard (Brassica juncea L. var.
Varuna). Curr. Sci. 112, 2034.

Singh, S.K., Reddy, V.R., 2015. Response of carbon assimilation and chlorophyll
fluorescence to soybean leaf phosphorus across COy: Alternative electron sink,
nutrient efficiency and critical concentration. J. Photochem. 151, 276-284.

Steward, F.C., et al., 1949. y-aminobutyric acid: a constituent of the potato tuber? Stud.
Nat. Prod. Chem. 57, 413-452.

Stitt, M., et al., 2010. Arabidopsis and primary photosynthetic metabolism — more than
the icing on the cake. Plant J. 61, 1067-1091.

Storti, M., et al., 2020. Regulation of electron transport is essential for photosystem I
stability and plant growth. New Phytol. 228, 1316-1326.

Su, L., et al., 2019. Reactive oxygen species-induced lipid peroxidation in apoptosis,
autophagy, and ferroptosis. Oxid. Med. Cell. Longev. 2019, 5080843.

Suorsa, M., et al., 2012. PROTON GRADIENT REGULATIONS is essential for proper
acclimation of Arabidopsis photosystem I to naturally and artificially fluctuating
light conditions. Plant Cell 24, 2934-2948.

Tikhonov, A.N., Vershubskii, A.V., 2017. Connectivity between electron transport
complexes and modulation of photosystem II activity in chloroplasts. Photosynth.
Res. 133, 103-114.

Tikkanen, M., et al., 2014. Photosystem II photoinhibition-repair cycle protects
Photosystem I from irreversible damage. Biochim. Biophys. Acta 1837, 210-215.

Tikkanen, M., et al., 2015. Electron flow from PSII to PSI under high light is controlled by
PGRS5 but not by PSBS. Front. Plant Sci. 6, 521.

Tikkanen, M., Grebe, S., 2018. Switching off photoprotection of photosystem I - a novel
tool for gradual PSI photoinhibition. Physiol. Plant. 162, 156-161.

Tiwari, A., et al., 2016. Photodamage of iron-sulphur clusters in photosystem I induces
non-photochemical energy dissipation. Nat. Plants 2, 16035.

Tiziani, R., et al., 2020. Phosphorus deficiency changes carbon isotope fractionation and
triggers exudate reacquisition in tomato plants. Sci. Rep. 10, 15970.

13

Ecotoxicology and Environmental Safety 263 (2023) 115388

Uzma Jalil, S., et al., 2019. Role of GABA transaminase in the regulation of development
and senescence in Arabidopsis thaliana. Curr. Plant Biol. 19, 100119.

Veneklaas, E.J., et al., 2012. Opportunities for improving phosphorus-use efficiency in
crop plants. New Phytol. 195, 306-320.

Wang, S., et al., 2022. Photosynthetic characteristics combined with metabolomics
analysis revealed potential mechanisms of cucumber (Cucumis sativus) yield
reduction induced by different phosphorus stresses. Sci. Hortic. 302, 111156.

Wang, X., et al., 2020. The transcription factor NIGT1.2 modulates both phosphate
uptake and nitrate influx during phosphate starvation in Arabidopsis and maize.
Plant Cell 32, 3519-3534.

Wang, Y., et al., 2017. Gamma-aminobutyric acid imparts partial protection from salt
stress injury to maize seedlings by improving photosynthesis and upregulating
osmoprotectants and antioxidants. Sci. Rep. 7, 43609.

Wang, Y., et al., 2021. Potassium and phosphorus transport and signaling in plants.

J. Integr. Plant Biol. 63, 34-52.

Wu, D, et al., 2020a. Exogenous calcium alleviates nocturnal chilling-induced feedback
inhibition of photosynthesis by improving sink demand in peanut (Arachis hypogaea).
Front Plant Sci. 11, 607029.

Wu, X., et al., 2020b. Gamma-aminobutyric acid (GABA) alleviates salt damage in
tomato by modulating Na* uptake, the GAD gene, amino acid synthesis and reactive
oxygen species metabolism. BMC Plant Biol. 20, 465.

Xie, T., et al., 2020. GABA negatively regulates adventitious root development in poplar.
J. Exp. Bot. 71, 1459-1474.

Yamamoto, H., Shikanai, T., 2019. PGR5-dependent cyclic electron flow protects
photosystem I under fluctuating light at the donor and acceptor sides. Plant Physiol.
179, 588-600.

Yamori, W., et al., 2016. A physiological role of cyclic electron transport around
photosystem I in sustaining photosynthesis under fluctuating light in rice. Sci. Rep.
6, 20147.

Yan, N, et al., 2015. Changes in plant growth and photosynthetic performance of Zizania
latifolia exposed to different phosphorus concentrations under hydroponic
condition. Photosynthetica 53, 630-635.

Yang, Y., et al., 2018. Chloroplastic ATP synthase alleviates photoinhibition of
photosystem I in tobacco illuminated at chilling temperature. Front. Plant Sci. 9,
1648.

Yong, J., et al., 2010. Effects of root restriction on growth and associated cytokinin levels
in cotton (Gossypium hirsutum). Funct. Plant Biol. 37, 974-984.

Yu, C., et al., 2003. Hydrogen peroxide-induced chilling tolerance in mung beans
mediated through ABA-independent glutathione accumulation. Funct. Plant Biol. 30.

Yu, G, et al., 2014. Exogenous-aminobutyric acid (GABA) affects pollen tube growth via
modulating putative Ca**-permeable membrane channels and is coupled to the
negative regulation on glutamate decarboxylase. J. Exp. Bot. 65, 3235-3248.

Zhang, G., et al., 2018. Photosynthesis of subtropical forest species from different
successional status in relation to foliar nutrients and phosphorus fractions. Sci. Rep.
8, 10455.

Zhang, Z., et al., 2014. Molecular mechanisms underlying phosphate sensing, signaling,
and adaptation in plants. J. Integr. Plant Biol. 56.

Zhang, Z., et al., Chapter 14 - NPK deficiency modulates oxidative stress in plants. In: M.
A. Hossain, et al. (Eds.), Plant Macronutrient Use Efficiency, Academic Press, 2017,
245-265.

Zhong, Q., et al., 2022. Phosphorus emissions from changing phosphorus supply chain
networks in China. J. Clean. Prod. 369, 133259.

Zhou, M., et al., 2021. y-Aminobutyric acid (GABA) priming improves seed germination
and seedling stress tolerance associated with enhanced antioxidant metabolism,
DREB expression, and dehydrin accumulation in white clover under water stress.
Front. Plant Sci. 12, 776939.

Zhu, J., 2016. Abiotic stress signaling and responses in plants. Cell 167, 313-324.

Zhuang, W., et al., 2019. The genome of cultivated peanut provides insight into legume
karyotypes, polyploid evolution and crop domestication. Nat. Genet. 51, 865-876.


http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref75
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref75
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref76
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref76
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref76
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref77
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref77
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref77
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref78
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref78
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref79
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref79
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref79
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref80
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref80
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref80
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref81
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref81
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref82
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref82
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref82
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref83
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref83
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref84
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref84
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref85
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref85
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref85
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref86
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref86
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref86
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref87
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref87
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref87
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref88
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref88
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref89
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref89
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref90
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref90
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref91
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref91
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref92
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref92
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref92
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref93
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref93
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref93
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref94
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref94
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref95
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref95
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref96
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref96
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref97
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref97
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref98
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref98
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref99
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref99
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref100
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref100
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref101
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref101
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref101
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref102
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref102
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref102
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref103
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref103
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref103
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref104
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref104
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref105
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref105
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref105
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref106
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref106
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref106
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref107
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref107
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref108
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref108
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref108
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref109
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref109
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref109
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref110
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref110
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref110
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref111
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref111
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref111
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref112
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref112
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref113
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref113
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref114
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref114
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref114
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref115
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref115
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref115
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref116
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref116
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref117
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref117
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref118
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref118
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref118
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref118
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref119
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref120
http://refhub.elsevier.com/S0147-6513(23)00892-8/sbref120

	Resilient and sustainable production of peanut (Arachis hypogaea) in phosphorus-limited environment by using exogenous gamm ...
	1 Introduction
	2 Materials and methods
	3 Results
	3.1 Plant growth, leaf P and Ca concentration
	3.2 Superoxide anion generation rate, hydrogen peroxide, and lipid peroxidation
	3.3 Leaf gas exchange
	3.4 Foliar photosystem activity
	3.5 Photosynthetic electron transport
	3.6 Thylakoid membrane integrity, ATP synthase activity, and the proton motive force

	4 Discussion
	4.1 Effects of low P stress on peanut photosynthetic capacity and growth
	4.2 GABA restored peanuts photosynthetic capacity and growth during P Deficiency

	5 Conclusions
	Patents
	Informed consent statement
	A novelty statement
	Supplementary materials
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


