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Abstract

Background Nitrogen (N) is a crucial element for increasing photosynthesis and crop yields. The study aims to evalu-
ate the photosynthetic regulation and yield formation mechanisms of different nodulating peanut varieties with N
fertilizer application.

Method The present work explored the effect of N fertilizer application rates (NO, N45, N105, and N165) on the pho-
tosynthetic characteristics, chlorophyll fluorescence characteristics, dry matter, N accumulation, and yield of four
peanut varieties.

Results The results showed that N application increased the photosynthetic capacity, dry matter, N accumulation,
and yield of peanuts. The measurement of chlorophyll a fluorescence revealed that the K-phase, J-phase, and I-phase
from the OJIP curve decreased under N105 treatment compared with NO, and W, ET,/CS,,, RE,/CSy,, ET/RC, REy/
RC, @Po, oEo, pRo, and YO0 increased, whereas V), V|, Wy, ABS/RC, TR,/RC, DIy/RC, and @Do decreased. Meanwhile,

the photosystem activity and electron transfer efficiency of nodulating peanut varieties decreased with an increase
in N (N165). However, the photosynthetic capacity and yield of the non-nodulating peanut variety, which highly
depended on N fertilizer, increased with an increase in N.

Conclusion Optimized N application (N105) increased the activity of the photosystem Il (PSIl) reaction center,
improved the electron and energy transfer performance in the photosynthetic electron transport chain, and reduced
the energy dissipation of leaves in nodulating peanut varieties, which is conducive to improving the yield. Neverthe-
less, high N (N165) had a positive effect on the photosystem and yield of non-nodulating peanut. The results provide
highly valuable guidance for optimizing peanut N management and cultivation measures.
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and sustained increase in peanut yield is essential to
ensure food and edible oil security.

Nitrogen (N) is one of the most important elements
that influence the growth of plants [3]. A lack of N
severely limits crop productivity. Therefore, application
of N fertilizers in the field dramatically increases crop
yield [4]. Research has proven that appropriate N
fertilizer application greatly improves crop growth,
photosynthesis, biomass production, vyield, and N
use efficiency (NUE) [5, 6]. Nevertheless, excessive
application of N fertilizers has caused severe N pollution
worldwide and decreased crop NUE [7, 8]. The element
of N is an important part of photosynthetic organs,
and the utilization of nitrogen by crops determines the
photosynthetic capacity and function [9]. A change
in the N content of crops has a direct impact on the
photosynthetic process of leaves, which includes light
absorption, electron transfer and energy distribution
(10, 11]. Chlorophyll fluorescence is intimately
connected to the process of photosynthesis, which
has been employed as a reference index to evaluate the
relationship between abiotic stress and photosynthesis
[12]. This is an important index that allows further
reflection on photosynthesis, such as light absorption
and energy transformation processes [13—15]. Previous
studies have employed the JIP-test in chlorophyll
fluorescence determination to analyze the response
strategies of crops facing different nitrogen environments
and the negative effects of nitrogen deficiency on plant
photosystem II (PSII) were reported [11, 16]. Some
studies have indicated that photosynthesis, stomatal
conductance, photosynthetic pigment content and
soluble sugar concentration of crops decrease under N
deficiency conditions [17-19]. Specifically, N deficiency
caused a slight reduction in the electron acceptor pool
size, PSII reaction centre activity and photosynthetic
enzyme activity of crop leaves [20]. Appropriate N rates
improve leaf PSII performance, which in turn increases
photosynthesis and dry matter weight, and greatly
contributes to seed yield, especially during the critical
period of crop growth (reproductive growth period) [21,
22]. Nevertheless, high N treatments were found to be
somewhat beneficial in increasing the isoelectric point
(PI) value of soybean, while excessive N application
resulted in a significant reduction in the photosynthetic
capacity and electron transfer efficiency of summer
maize [23].

Legumes can conduct biological N fixation (BNF)
through endosymbiotic interactions with bacteria
residing in root nodules [24]. Unlike other crops, the
main sources of N in legume crops are soil, fertilizer and
BNF [25]. In particular, under growing conditions where
soil N is deficient, peanut can supply more than 60% of
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its N requirements from BNF, while under high-yielding
conditions it can provide about 40% [26]. The process
of BNF is one of the most environmentally friendly and
economical sources of N, which can greatly reduce the
dependence on fertilizer in peanut production, while
saving costs and protecting the environment [4]. During
growth, the podding stage is the most vigorous period
of peanut vegetative and reproductive growth; it is also
the period with the highest N requirement of peanuts
[27]. The maximum nodule number and dry weight are
reached at the podding stage, which has great potential
to provide N to peanuts [25]. However, some studies
demonstrated that excessive N applications significantly
constrained the BNF of peanuts, resulting in lower
NUE, reduced vyield, and increased production costs
[28-30]. There are notable differences in nodulation
characteristics, N acquisition and utilization among
different peanut varieties [31].

In our previous studies, we investigated the effect of
N fertilizer at different growth stages on nodulation
characteristics, dry matter, and N accumulation in
different nodulating peanut varieties [25, 32]. We
found that peanuts had the highest number of nodules
at eighty days after seedling emergence (the podding
stage), and the N supply proportions from root nodules
were more than half, which played an important role
in the formation of peanut pods. This study sought to
further investigate the impact of four N application
treatments on the photosynthetic physiological response
in peanut varieties with different nodulation during
the critical period for pod formation. Four peanut
varieties were grown in an outdoor pot experiment to
investigate photosynthetic and chlorophyll fluorescence
characteristics, and the JIP- test was used to analyze the
effects of different application rates of N fertilizer on
peanut leaves and the photosynthetic electron transport
chain.

Materials and methods
Plant material and treatment
An outdoor pot experiment was conducted at the
experimental base of Shenyang Agricultural Univer-
sity, Shenyang, Liaoning, China (41°82" N, 123°56’ E) in
2022 (Fig. 1A). Peanuts were sown on May 14, 2022 and
harvested on September 25, 2022, including the whole
growth stages. The region where the test site is located
has a temperate semi-humid continental climate, char-
acterised by an average annual rainfall of approximately
878.9 mm and an average annual temperature of 8.7°C
(Fig. 1B). The soil type was brown loam, and the soil
nutrient status before the test was as shown in Table S1.
Four peanut varieties with different nodulation, i.e.,
Nonghua 5 (NH5, low nodulation, Shenyang Agricultural
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The experiment consisted of 4 N fertilization
treatments, 4 varieties, and 15 replicates of
each, totaling 240 pots.
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Fig. 1 A Map of the study site. B Air temperature and precipitation in the growing season of intercropping in 2022. C Flowchart showing the study

design

University), Xianghua 11 (XH11l, high nodulation,
Hunan Agricultural University), Honghua 16 (HH16,
high nodulation, Oil crops Research Institute, Chinese
Academy of Agricultural Sciences) and DH9 (non-
nodulation, Shenyang Agricultural University), were used
as study materials [25, 32]. Five seeds were sown in each
pot, with a height of 40 cm and a diameter of 27cm, and
filled with 23 kg soil. Nitrogen (N) fertilizer was added
in the form of urea (containing 46% pure N). According
to the local farmers’ conventional fertilization amount
(105 kg N ha™) and our previous research [25, 32], four
N fertilization treatments were utilized: no N fertilizer
input (NO), low N fertilizer input (N45: 45 kg N ha™?),
normal N fertilizer input (N105: 105 kg N ha™'), and high
N fertilizer input (N165: 165 kg N ha™!). In addition, the
dose of phosphate (P,0O;) fertilizer and potassium (K,0)
fertilizer was 6.16 g and 2.31 g per pot, respectively,

applied once as basal fertilizer before sowing. No
topdressing was applied in the later stage. After seeding
emergence, keep one healthy peanut seedling with
consistent growth in each pot. One plant in each pot
was regarded as one replication; fifteen replicates were
used for each treatment of each variety in this study,
with a total of 240 pots (Fig. 1C). The pots were watered
according to need with an equal amount of water per pot,
normally once or twice a week, except on rainy days.

Measurement items and methods

Photosynthetic parameters

Based on the results of the previous experiments [32],
samples were determined eighty days after seedling
emergence (at the podding stage) during the critical
period of peanut growth. The functional leaves (the
third fully expanded leaf counted from the top of
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peanut plants) were selected for the assessment of
photosynthetic parameters (Fig. 1C). Variations of
photosynthetic parameters of peanut leaves, including
net photosynthetic rate (Pn), transpiration rate (Tr),
intercellular CO, concentration (Ci), and stomatal
conductance (Gs), were measured using a portable
photosynthetic system CIRAS-2 (PP Systems, Hitchin,
UK), calibrated as follows: the size of the leaf chamber,
1.75 cm? (0.7cm X2.5 cm); the light intensity of the
internal light source in the leaf chamber, 1200 pmol
photons m™2 s7!; temperature, 25°C; relative humidity,
70%; and CO, concentration, 380 pmol mol™. All
photosynthetic parameters were measured on three
replicates per treatment, with each replicate consisting of
one pot, each containing one peanut plant.

Chlorophyll a fluorescence

Eighty days after seedling emergence, nine plants from
each treatment, without diseases or insect pests and with
uniform growth, were selected and labeled as sample
plants (4 N treatments X 4 varieties X 9 replicates, totaling
144 pots). A portable plant efficiency analyzer (Handy
PEA, Hanstech, UK) was used to determine the fast
chlorophyll fluorescence induced kinetic curve (OJIP
transient) of the functional leaves of the sample plants.
Prior to the start of measurement, plants were acclimated
to the light environment, followed by a 30-min period of
darkness. The O, K, J, I, and P on the OJIP curve represent
the instantaneous fluorescence intensity observed at 0.01,
0.3, 2, 30 and 1000 ms, respectively, and were labelled
as Fo, Fy, Fj, Fy, and Fy. The V,, which represents the
relative variable fluorescence at time t, was calculated
using the following formula: V,=(F, — Fp)/(Fy — Fo)
The W, calculated as W, =(F, — Fo)/(F; — F(), denotes
the K peak. The W, was calculated as W= (Ft — Fp)/
(F; — Fp), which indicates variable fluorescence between
steps O and I. The JIP-test parameters Wy = (Fy — F)/(F;
— Fg) represent the relative variable fluorescence at the
K-step (W) to the amplitude F; — F,. Table S2 provides
additional OJIP test parameters used in the current study
[14, 15, 33].

Photosynthetic pigment content

After measuring the photosynthetic parameters and
chlorophyll a fluorescence, functional leaves of peanuts
were taken to measure the photosynthetic pigment
content. Photosynthetic pigments were determined
spectrophotometrically according to Lichtenthaler [34],
including chlorophyll a (Chl a), chlorophyll b (Chl b),
chlorophyll a+b (Chl a+b), and chlorophyll a/b (Chl
a/b). Measurements were performed in triplicate for each
treatment.
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Dry matter (DM) and N accumulation

Samples were taken 80 days after seedling emergence,
with three plants serving as replicates for each
treatment. The peanut plants were uprooted from the
pot and washed, and the roots, leaves, stems, and pods
were separated. Samples were oven-dried to constant
weight at 80°C and then weighed and pulverized. The
N concentration of each peanut organ was measured
using the Kjeldahl apparatus. The calculation for N
accumulation was based on the multiplication of the
concentration value by the dry mass value [35].

Yield and its components

During the harvest stage (134 days after sowing), six
plants from each treatment with consistent growth were
selected from the remaining sample to assess the yield
and its components, including the average yield per
plant, number of pods and full pods, weight of 100 pods,
and 100 kernels.

Statistical analysis

Statistical analyses and graphing were completed using
Microsoft Excel 2021, SPSS 22, Origin 2021b, and
GraphPad Prism 8. Analysis of variance (ANOVA) and
least significant difference analysis (LSD) were performed
on data from at least three independent experiments [32,
36]. A value of p<0.05 was deemed to be statistically
significant. All data were expressed as mean *standard
error (SE) (n>3).

Results

Photosynthetic parameters

Compared with NO, nitrogen (N) application increased
the net photosynthetic rate (Pn), transpiration rate (Tr),
and stomatal conductance (Gs) of different peanut vari-
eties (Fig. 2). The Pn and Tr of NH5, XH11, and HH16
reached the maximum at the N105 treatment, and DH9
exhibited significantly higher Pn and Tr than the other
treatments under N165 treatment (Fig. 2A, B). Compared
with the NO treatment, the N105 treatment dramatically
enhanced the Pn of XH11 and HH16 by 51.1% and 51.0%,
respectively, and no significant difference in Pn of NH5
was found among N treatments (Fig. 2A). The N105 treat-
ment significantly increased the Tr of NH5, XH11, and
HH16 by 20.4%, 87.3%, and 55.4% respectively compared
with the NO treatment. However, the Tr of DH9 was not
significantly different among N treatments. No signifi-
cant difference was found between varieties (Fig. 2B). The
application of N significantly influenced the intercellu-
lar CO, concentration (Ci) of NH5 and HH16, reaching
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Fig. 2 The photosynthetic parameters of leaves in peanut as affected by different N application rates. A, B, C, and D represent net photosynthetic
rate (Pn), transpiration rate (Tr), intercellular CO, concentration (Ci), and stomatal conductance (Gs), respectively. The different letters indicate

the significant differences (p <0.05) among the N treatments within each variety. In multivariate variance analysis, V and N represent the variety
and N fertilizer treatment, respectively, * indicates p < 0.05, ** p<0.01, and ns indicates not significance. Data from each treatment with three
replicates were subjected to analysis of variance (ANOVA), and means were compared by the least significant difference (LSD) test (p < 0.05). Values

are mean =+ standard error (SE) (n=3)

a minimum threshold under the N105 treatment; how-
ever, no significant difference was found between XH11
and DH9 (Fig. 2C). The Gs of peanuts increased with an
increase in N application, and the Gs under N105 and
N165 treatments was significantly higher than that under
N45 and NO treatments (Fig. 2D).

Chlorophyll fluorescence kinetics and the parameters
of JIP-test

The OJIP curves

As shown in Fig. 3A, B, the OJIP curves for the K-phase,
J-phase, and I-phase were smaller than NO under higher
N (N105 and N165) treatments, and the peak value of
peanut varieties was recorded at J-phase and I-phase.
The peaks of NH5 and HH16 in J-phase and I-phase
were obtained in the N105 treatment, whereas XH11
and DH9 were lowest in the N165 treatment (Fig. 3B).
This demonstrated that N fertilizer on the acceptor side
(J step decrease) of photosystem II (PSII) improved the

PSII performance. The relative variable fluorescence at
the J-step and I-step (V; and V;) of peanuts was smaller
relative to that of the NO treatment under other N treat-
ments (Fig. 3C). N treatment did not significantly affect
Vjand V; in NH5 and HH16 varieties. However, XH11
exhibited a significantly higher value for XH11 in the
NO treatment compared to others treatments. Under
N105 and N165 treatments, Vyand V; of DH9 were sig-
nificantly decreased compared with NO.

The O-J phase and O-I phase

The O-] on the OJIP curve were standardized (W) and
the kinetic difference (AWq;) for chlorophyll fluores-
cence was calculated (Fig. 4A). With the continued appli-
cation of N, the K point of nodulating peanut varieties
(NH5, XH11, and HH16) showed a trend in which it first
increased and then fell, indicating that normal N fertilizer
(N105) enhanced the oxygen evolving complex (OEC)
activity of peanuts, while high N fertilizer (N165) dam-
aged it. In addition, the K point of DH9 (non-nodulation)
gradually decreased with the increase of N application.



Guo etal. BMC Plant Biology ~ (2024) 24:774 Page 6 of 17
A 1.2 12 12 12
XHIT HHI6 DHO
NHS P P P P
NO 1
1 [ 1 . 1 / :
3 N45 > = s 3
= 0.8 q o 0.8 = 0.8 J o 0.8
= < N105 P = N =
[ = =2
= 0.6 1 - N165 X 06 J = 06 . = 06 5
= ; o 5 ; =
T 044 > £ 04 T 04 / T 04 -
> > > - > /
0.2 / 0.2 02 / 0.2 ',
o o 0
_
0 s 0 == 0 == 0 =
001 01 1 10 100 1000 001 01 1 10 100 1000 001 01 1 10 100 1000 001 01 1 10 100 1000
Time (ms) Time (ms) Time (ms) Time (ms)
XHI1 HH16 DH9
Koo e e 0k P S A L
! ! ! ! 5 0089 ! ! ! ! ! . 0.08 | | | ; ; 5 048 ! ! ; ! |
d : i | g i : i i i H ! ! ! ! ! H i i 1 : |
1 ] ) 1 > 1 I 1 ] 1 = | 1 1 1 |
o = > 1o 1 1 1 1 s il -
- N I EUE I A L L PN e
1%, 1 1 1 £ $ E % : g
b 7 g 1 1 ' 1 1 H ! ! \: e 5 ! [N ! [N
1 15 1 1 £ H 1 1 1o L 1 £ 1 [ 1 1 1
PN AL R N R e CH P
1 1 I | I -0.12 1 [N /1' | o -0.12 H \ \ H ' i -0.12 : ! w\‘: : '
1 1 1 1 1 ! B! | ! - I 1 1 1 1 >
h 1 1 * 1 1
EERERE AN i ]E N
e <022 e r—— 022 +— : r : : 0.22 . i .
1 10 100 001 0.1 1 10 100 001 0.1 1 10 100 001 0.1 1 10 100
C Time (ms) Time (ms) Time (ms) Time (ms)
1. 1.0 1.0 1.0
e Vi Vi¥ o T VxTins NH5 XHI11 HHI16 DHO9
08l Vi Vit Toxe VxTins 0.8 a b 0.8 a 0.8 a a
a b a a b b
a a a b a a
= 0.6 =064 2 = 0.6 = 0.6 a
2 a 2 ] a ]
> 0.4 > 0.4 > 0.4 a > 0.4
0.4 a a2 0.4 bbb 0.4 . 8 04 b b
0. 0.0 0.0 0.0
S P EE DPp SO S P S DPpSe S P S OH O S PO E OPpE©
S& %\Q e\b & e\b e\b S & e\e %\b S %\e e\‘o S & e\e e‘b S & e\e %\‘o S& %\e e\‘e S & %\Q %\‘o

Treatment Treatment

Treatment Treatment

Fig. 3 Changes of the relative variables of chlorophyll a fluorescence rise kinetics (OJIP) in four peanut varieties under different N application

rates. A OJIP curves for chlorophyll fluorescence with normalized [(V, = (F, -

Fo) / (Fy — Fo)l. B Kinetic difference (AV,) for chlorophyll fluorescence

[AV,=Vsireatment — Vi controp)- € Vy and V, are the relative variable fluorescence at the J-step and I-step. The different letters indicate the significant
differences (p < 0.05) among the N treatments within each variety. In multivariate variance analysis, V and N represent the variety and N fertilizer
treatment, respectively, * indicates p <0.05, ** p<0.01, and ns indicates not significance. Data from each treatment with nine replicates were
subjected to analysis of variance (ANOVA), and means were compared by the least significant difference (LSD) test (p < 0.05). Values are mean + SE

(n=9)

Next, we calculated the normalized relative variable flu-
orescence of K point (Wy) and the difference between
control and N treatment (AWy) (Fig. 4B). Among the
varieties with nodulation ability, Wy and AWy reached
their lowest point under the N105 treatment. And there
were no significant differences in Wy or AW between
the other N treatments (NO and N165) for these nodu-
lating varieties. In contrast, the AWy value in the non-
nodulating variety DH9 significantly decreased under the
N165 compared to the NO.

Figure 4C illustrates that OJIP curves were normal-
ized by O-1 (W), with the amplitude of the I-P phase
in the W;>1 fraction is indicative of the size of the ter-
minal electron receptor pool on the photosystem I (PSI)
receptor side. The graph illustrates that the application of
higher N treatments (N105 and N165) increased the size
W which was beneficial to improve the efficiency of
electron transfer. Meanwhile, the high nodulating variety
HH16 exhibited the largest W;>1 fraction under N105,

while the low nodulating variety NH5 did not show dif-
ferences under N treatments.

Pipeline models of specific energy fluxes

Absorbed photon flux per active PSII (ABS/RC), trapped
energy flux per active PSII (TR,/RC), and dissipated
energy (as heat and fluorescence) flux per active PSII
PSII (DI,/RC) of nodulating varieties (NH5, XH11, and
HH16) were lowest under the N105 treatment, and there
were no significant changes under N treatments in any
variety (Fig. 5A). While the ABS/RC, TR,/RC, electron
flux from Q,~ to the plastoquinones pool per active PSII
(ETy/RC), and electron flux from Q,~ to the final elec-
tron acceptors of PSI per active PSII (RE,/RC) of XH11
and HH16 (high nodulation) reached the highest under
N165 treatment and the ET(/RC of the two varieties
was significantly increased by 33.3% and 15.7% com-
pared with NO, respectively (Table S3). The ABS/RC,
TRy/RC, and DI;/RC of DH9 (non-nodulation) demon-
strated a decreasing trend with increasing N application.
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Fig. 4 Changes of the fluorescence O—J phase and O—1 phase in four peanut varieties under different N application rates. A Variable fluorescence
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Furthermore, ET)/RC and RE,/RC in the higher N treat-
ments (N105 and N165) were higher compared to those
in lower N treatments (NO and N45), with RE;/RC being
significantly increased by 40.9% and 31.8% under N105
and N165 treatments, respectively, compared with NO
treatment.

Leaf model representing phenomenological
energy fluxes

The leaf model of phenomenological energy fluxes per
excited cross section of four peanut varieties under
different N treatments was established, and the results
indicated that compared to NO, higher N treatments
(N105 and N165) treatments increased the absorption
flux per cross section (ABS/CS,,), trapped flux per

(See figure on next page.)

cross section (TR,/CSy,), electron transport flux per
cross section (ET)/CSy), electron flux reducing end
electron acceptors at the PSI acceptor side per cross
section (RE,/CS,,), and amount of active PSII RCs per
cross section (t=0) (RC/CS,) of XH11, HH16, and
DH9, while decreasing thermal dissipation energy flux
per cross section (DI)/CSy) of NH5, XH11, and DH9
(Fig. 5B). The ET/CS,, and RE,/CS,, of the three nodu-
lating varieties (NH5, XH11, and HH16) were highest
in the N105 treatment, and the RE;/CS,, of the high
nodulating varieties (XH11 and HH16) was significantly
higher in N105 treatment than under NO treatment.
The ABS/CSy; and TR/CS,, of the four peanut varieties
had no significant difference between N treatments,

Fig.5 A Pipeline models of specific energy fluxes per active PSIl reaction center (membrane/specific model) for four peanut varieties

under different N application rates. B Leaf model representing phenomenological energy fluxes per excited cross section for four peanut varieties
under different N application rates. C Spider plots show normalized values of quantum yields and efficiencies & probabilities in four peanut varieties
under different N application rates. The different letters indicate the significant differences (p < 0.05) among the N treatments within each variety.
Data from each treatment with nine replicates were subjected to analysis of variance (ANOVA), and means were compared by the least significant

difference (LSD) test (p <0.05)
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but there were significant differences between varieties
(Table S4).

Quantum yields and efficiencies & probabilities

The N treatment increased maximum quantum yield for
primary photochemistry (¢Po), quantum vyield for elec-
tron transport (¢pEo), quantum yield for reduction of the
end electron acceptors at the PSI acceptor side (¢Ro),
and probability that a trapped exciton moves an elec-
tron into the electron transport chain Beyond Quinone
A (t=0) (Y0) and decreased quantum yield (at t=0) of
energy dissipation (¢pDo) in peanut (Fig. 5C). Under
N105 treatment, ¢$Po, V0, and ¢pEo of the three nodu-
lating varieties (NH5, XH11, and HH16) reached the
maximum values, while ¢Do reached the lowest value. In
contrast, DH9 (non-nodulation) had significantly higher
values of ¢pPo, Y0, ¢pEo, pRo, and probability that an elec-
tron is transported from the reduced intersystem elec-
tron acceptors to the final electron acceptors of PSI (6Ro)
and significantly lower values of ¢Do compared with NO
under N165 treatment (Table S5). Variations in SRo were
significantly different across varieties. The dRo of NH5
decreased with continued use of N, whereas the 8Ro of
XH11, HH16 and DHY increased with higher N treat-
ments (N105 and N165).

Photosynthetic pigment content in leaves

The applications of N fertilizer increased the photosyn-
thetic pigment content of leaves in the four peanut vari-
eties. There was a significant effect among varieties, N
fertilizer treatments, and two-way interaction effects
between variety and N fertilizer treatment on the pho-
tosynthetic pigment content of peanut leaves (p<0.01)
(Table 1). Photosynthetic pigment contents in leaves of
NH5 were significantly higher under N165 treatment
compared with other treatments, including chlorophyll
a (Chl a), chlorophyll b (Chl b), and chlorophyll a+b
(Chl a+Db), with an increase of 23.4%, 32.8%, and 26.2%,
respectively. The XH11 and DH9 had the highest Chl a,
Chl b, and Chl a+b under the N105 treatment, which
significantly increased by 26.9%, 28.8%, and 27.4% in
XH11 and 37.1%, 41.9%, and 37.7% in DH9, respectively,
compared with NO. The HH16 exhibited the highest Chl
a, Chl a+b, and chlorophyll a/b (Chl a/b) under the N105
treatment, showing significant increases of 13.7%, 12.6%,
and 5.6%, respectively, compared with NO.

Dry matter and N accumulation

The N105 and N165 treatments significantly increased
both pod dry matter (Pod DM) and pod N accumulation
(Pod N) in the four peanut varieties, and dry matter (DM)
and N accumulation in vegetative organs (root, stem,
and leaf) also increased to varying degrees (Fig. 6). No
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Table 1 The photosynthetic pigment content of leaves in
peanut as affected by different N application rates

Variety Treatment Chla Chlb Chla+b Chla/b
(mgg™) (mgg™)  (mgg™)  (mgg™)

NH5 NO 1.71£0.05c 0.58+0.02¢c 2.29+0.07c 2.94+0.00b
N45 195+0.08b 064+003b 259+0.11b  3.03+0.02a
N105 1.99+0.06b 068+003b 266+0.09  295+0.04b
N165 211+0.08a 0.77+0.04a 2.89+0.12a 2.74+0.04c

XH11 NO 1.75+£0.04c 0.59+002b  2.34+0.06c 2.96+0.03b
N45 1.80+0.07c 057+003b  237+0.09bc 3.16+0.05a
N105 222+0.117a 0.76+0.06a 298+0.17a 2.92+0.08b
N165 192+004b 061+£001b  2.54+005b  3.14+0.02a

HH16 NO 1.83+0.09b 064+003b 246+0.12b  2.88+0.03c
N45 203+0.09a 0.71£0.04a 274+0.13a 2.87+0.02¢
N105 208+0.05a 0.69+0.03a 2.77+0.08a 3.04+0.04a
N165 202+006a 068+0.02ab 2.70+007a 2.98+0.01b

DH9 NO 140+001c 043+0.01c 1.83+0.01c 3.25+0.03a
N45 161+001b 050+000b 211+002b 325+007a
N105 192+007a 061+0.03a 2.52+0.10a 3.14+0.02a
N165 1.80+0.10a  0.55+0.05ab 2.35+0.15a 3.25+0.09a

Two- v *x *x *x *x

way N *x *x *x *x

ANOVA
VXN *x ** ** **

The different letters indicate the significant differences (p < 0.05) among the

N treatments within each variety. In multivariate variance analysis, V and N
represent the variety and N fertilizer treatment, respectively, * indicates p <0.05,
** p<0.01, and ns indicates not significance. Data from each treatment with
three replicates were subjected to analysis of variance (ANOVA), and means
were compared by the least significant difference (LSD) test (p < 0.05). Values are
mean+SE (n=3)

significant difference in Pod DM was found among nodu-
lating varieties NH5, XH11, and HH16 under N105 and
N165 treatments (Fig. 6A), while Pod N was significantly
increased by 18.6%, 19.1%, and 12.1% compared with
N165, respectively (Fig. 6B). The DM and N accumula-
tion in DH9 (non-nodulation) reached the maximum
under N165 treatment, and Pod DM was significantly
increased by 27.1% compared with N105, while the Pod
N was not significantly different between the two treat-
ments. Collectively, these data suggest that the N applica-
tions, varieties, and interactions between N applications
and varieties were significant for N accumulation in vari-
ous peanut organs.

Yield and its components

Compared with NO, all N treatments increased the sin-
gle plant yield, pod number per plant, 100-pod weight,
and 100-kernel weight among the four peanut varieties
(Table 2). The yield and full pod number per plant of
NH5, XH11, and HH16 reached the maximum under the
N105 treatment, which significantly increased by 26.8%,
27.4%, and 30.4% and 41.2%, 32.7%, and 30.9%, respec-
tively, compared with NO, but showed no significant
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Table 2 Yield and its components of peanut as affected by different N application rates

Variety Treatment Single plant yield Pod number per plant Full pod number 100-pod weight 100-kernel weight
(g plant™) per plant (9) (9)

NH5 NO 22.76+122b 21.33+1.25b 17.00+£0.82¢ 165.30+6.77b 63.67+1.75b
N45 23.71+245b 23.00+1.63b 19.33+1.25b 170.22+8.03ab 68.73+1.88a
N105 28.86+2.29 27.67+2.05a 2400+141a 182.83+9.68a 71.53+2.30a
N165 2864+2.253 27.33+1.70a 2333+1.25a 185.67+7.36a 72.07+3.74a

XH11 NO 25.10+147b 22.00+141c 1833+1.25b 164.17+9.03a 63.03+2.92b
N45 26.61+144b 24.67+1.25bc 21.00+0.82a 16632+6.21a 65.58+3.08ab
N105 31.97+145a 29.00£2.16a 24.33+2.05a 172.80+7.56a 72.10+3.80a
N165 31.26+2.69a 27.67 +2.05ab 23.00+1.63a 177.40+9.76a 73.12+3.39%

HH16 NO 21.60+2.56b 21.00+2.16b 1833+1.70b 14530+947a 61.68+3.15a
N45 2449+ 0.65ab 2133+205b 18.33+1.25b 146.67+£9.32a 63.72+3.83a
N105 28.16+1.85a 26.33+1.25a 2400+147a 154.00+5.10a 65.72+344a
N165 28.05+2.48a 28.67+1.70a 2200+141a 149.03+561a 66.67 +3.06a

DH9 NO 18.23+1.59b 25.67+1.25¢ 21.67+1.25¢ 10641+742a 46.62+2.80a
N45 20.57+1.29b 27.00+2.16C 23.00+1.63c 111.56+9.12a 4881+3.53a
N105 23.84+1.12a 35.00+245b 30.00+1.63b 119.98+8.22a 49.27 +2.86a
N165 2447+145a 39.67+2.87a 34.00+£2.16a 117.32+5.00a 52.31+£2.36a

Two-way vV *x %% *x %% *x

ANOVA N *x *x *x *x *x
VXN ns * x* ns ns

The different letters indicate the significant differences (p <0.05) among the N treatments within each variety. In multivariate variance analysis, V and N represent the
variety and N fertilizer treatment, respectively, * indicates p <0.05, ** p<0.01, and ns indicates not significance. Data from each treatment with six replicates were
subjected to analysis of variance (ANOVA), and means were compared by the least significant difference (LSD) test (p < 0.05). Values are mean + SE (n=6)

difference compared with N165. Non-nodulating variety
DH9 exhibited the highest yield under the N165 treat-
ment, with an increase of 39.7% compared with NO.

In addition, NH5 and XH11 had the highest pod num-
ber under the N105 treatment, which was significantly
enhanced by 29.7% and 31.8%, respectively, compared
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with NO. Meanwhile, HH16 and DH9 had the highest
pod number under the N165 treatment, with an increase
of 36.5% and 54.5%, respectively. The 100-kernel weight
of the four varieties was the largest under the N165 treat-
ment, and no significant differences in 100-pod weight
and 100-kernel weight of HH16 and DH9 were observed
among N treatments.

Plant phenotypic plasticity analysis

Analyses of plant plasticity can provide insight into their
potential to adapt to changes in the external environment.
As illustrated in Fig. 7, the plasticity index of ¢Po, one
of the fluorescence parameters, was the smallest, and it
showed stronger correlations with biomass and N content,
and variations in plasticity index differed among peanut
varieties. In terms of photosynthetic pigments index and
photosynthetic parameters, the smallest plasticity index
was detected in Chl a/b and Ci, respectively. The plasticity
index of biomass and N content of NH5, HH16, and DH9
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was higher than 0.4 (Fig. 7A, C, D), while the plasticity
index of other indexes of NH5 and HH16 was lower than
0.4 (Fig. 7A, C). The plasticity of fluorescence parameters
of the low nodulating variety (NH5) was lower, indicating
that it had stable response to N fertilizer. The plasticity
index of REy/CS,;, Tr, Pod N, and TN of XH11 exceeded
0.4 (Fig. 7B), and the plasticity index of RE,/CS,; and V;
of DH9 was higher than 0.4 (Fig. 7D). These results dem-
onstrated that different N application rates did not signifi-
cantly affect ¢pPo, Chl a/b, and Ci of peanut varieties, and
the physiological response of peanut varieties to N ferti-
lizer was different.

Correlation analysis

According to the comprehensive analysis among the
indexes of four peanut varieties, we then performed a
correlation analysis between the traits exhibiting higher
plasticity indices (Pn, Tr, RE)/CSy;, Pod N, and Yield) and
the fluorescence parameters with strong responses to N

C HHI6 D DH9

Bl

0 02 04 06 08 1 0

02 04 06 08 1 0

02 04 06 08 1 0 02 04 06 08 1

Phenotypic plasticity index = (Max-Min)/Max
Fig. 7 Phenotypic plasticity analysis of four peanut varieties with different nodulation under different N application rates. Pod DM, pod dry matter;

Pod N, pod N accumulation; TDM, total dry matter; TN, total N accumulation
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Fig. 8 Correlation analysis between photosynthetic physiological parameters and yield of four peanut varieties with different nodulation

under different N application rates

fertilizer application (ET,/CSy;, TRy/CSy;, RE/RC, and
ET,/RC) (Fig. 8). The Pod N and Pn were significantly
positively correlated with other indexes, and peanut
yield exhibited a significantly positive correlation with all
indexes except TR,/CS,,. Except Tr, ET,/CS,,, and RE,/
CSy were significantly and positively correlated with
other indexes, whereas V; was significantly and negatively
correlated with other indexes. Some distinct variations
were observed in the correlation between the indices of
peanut varieties. No significant correlation with fluo-
rescence parameters indexes was observed for the yield
and Pod N of NH5 (low nodulation), Pn and Tr of high
nodulating varieties XH11 and HH16 were positively cor-
related with Pod N. The ET/RC, RE,/RC, RE,/CSy;, and
Pn of DH9 (non-nodulation) were significantly positively
correlated with yield, while V; was significantly negatively
correlated with yield, Pod N and Pn. Higher N treatments
(N105 and N165) significantly decreased the V; of DHY,
which contributing to the increase its photosynthetic
capacity and yield.

Discussion

Nitrogen (N) is a critical element in Calvin cycle enzymes,
chlorophyll, and carotenoids, of which the chlorophyll
content has a direct effect on the photosynthetic capacity
and primary production [37, 38]. Previous studies
demonstrated that N application is closely related to the
photosynthetic capacity, yield, and agronomic traits [39,
40], and N deficiency can cause the closure of stomata
in leaves, blocking photosynthetic electron transfer and
ultimately reducing photosystem II (PSII) performance
[23, 41]. A lack of N can also reduce chlorophyll
content. This can lead to an increase in the allocation of
photosynthetic electron transport to photorespiration,
thus reducing the progression of photosynthesis, which
is not conducive to the accumulation of dry matter
(DM) [42]. Our study found that compared with NO and
N45 (lower N), higher N treatments (N105 and N165)
increased the net photosynthetic rate (Pn), transpiration
rate (Tr), stomatal conductance (Gs), and photosynthetic
pigment content of leaves in the four peanut varieties.
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Nodulating peanut varieties (NH5, XH11, and HH16)
had the highest Pn and Tr in N105 (normal N), while
DHO reached the highest in N165. The Pn of nodulating
peanut varieties was lower under the N165 treatment
than under the N105 treatment. This may be due to
the close arrangement of leaf mesophyll cells caused by
excessive N application, which was not conducive to the
entry of external CO, into the cells, resulting in reduced
photosynthetic rate and even toxic effect on crops [7].
Therefore, applying N fertilizer properly can promote
chlorophyll synthesis, improve photosynthesis during
plant growth, and ultimately increase crop yield.

The OJIP transient detection technology has been
widely employed to study the photosynthetic response
of plants under abiotic stresses due to its advantages
of being non-destructive and easy to use in practical
measurements [43]. Since the accumulation of DM is
closely related to the change in Pn and photosynthetic
fluorescence parameters, the JIP parameters of peanut
leaves were assessed. It has been hypothesized that the
kinetic curves of OJIP can well reflect changes in the
primary photochemical reaction and the photosynthetic
function of PSII [44]. The rise of the O-] step on
the OJIP curve is correlated with the degree of PSII
reaction center closure. Furthermore, the change in
fluorescence intensity at the J-step (V;) can be used
as an indicator of the electron transfer from primary
acceptor plastoquinone A (Q,) to secondary acceptor
plastoquinone B (Qp) on the electron acceptor side of
PSII [43, 45]. Electrons originating from reduced Phe
on the acceptor side of PSII are sequentially transferred
to the first Q, and second Qp plastoquinone electron
acceptors, and subsequently to the mobile pool of
plastoquinone within the lipid phase of the thylakoid
membrane [46]. In this study, the O-] step and V;
decreased under higher N application (N105 and N165),
indicating that N application could improve the openness
of the PSII reaction center and electron transfer from Q,
to Qg on PSII acceptors. Correlation analysis revealed
that V; significantly negatively correlated with Pn and
yield, which was consistent with a previous report [47].
The emergence of the K-phase in OJIP is associated with
the damage of oxygen evolving complex (OEC) on the
donor side of PSII, which plays a crucial role within PSII
and is responsible for the cleavage and oxidation of H,O
[48, 49]. The lowest K point of nodulating peanut varieties
(NH5, XH11, and HH16) was found under N105 (normal
N) treatment. This indicated that peanuts under the N105
treatment exhibited greater stability in their OEC, which
was conducive to maintaining PSII activity. As quantified
by the ratio of relative variable fluorescence at the K-step
to the amplitude F; — Fo (Wy and AWY), the OEC was
damaged under high N treatment (N165), resulting in a
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reduced ability to deliver electrons downstream [50]. The
AWy of the non-nodulating variety DH9 was the lowest
under the N165 treatment and significantly lower than
that of NO, indicating that higher application of N may
markedly improve the OEC activity on the PSII donor
side, thus enhancing the electron transfer efficiency,
which is ultimately conducive to yield formation.

A reduction in the secondary electron acceptors Qg,
plastoquinones (PQ), cytochrome and plastocyanin
(PC) is related to the J-I step of the curve [51]. The
relative variable fluorescence at the I-step (V) serves as
an indicator of the ability of photosystem I (PSI) and its
acceptors to oxidize reduced PQ [52, 53]. The V; of the
four peanut varieties under N105 and N165 treatments
was lower than that under N45 and NO treatments.
Standardization of the O-I step (W) demonstrated that
a higher application of N (N105 and N165) increased
the size of the terminal electron acceptor pool on the
PSI acceptor side and enhanced electron transfer [54].
The amplitude of the W;>1 of NH5 had no significant
difference between the N treatments, indicating that N
fertilizer exerted a relatively limited effect on the size of
the terminal electron acceptor pool on the PSI acceptor
side and the stability of the PSII donor side (K) and
acceptor side (J) was stronger, which was conducive to
maintaining the influence of N environmental changes
on photosynthesis.

Limited N availability disrupts energy transfer within
PSII. This occurs through the inactivation of reac-
tion centers, which reduces the efficiency of con-
verting absorbed light energy into usable electrons.
Consequently, less excitation energy is captured, ulti-
mately leading to decreased crop yield [53]. Nodulating
peanut varieties (NH5, XH11, and HH16) had the low-
est absorbed photon flux (ABS/RC), trapped energy flux
(TR,/RC), dissipated energy flux per active PSII (DI,/RC),
and quantum yield (at t=0) of energy dissipation (¢pDo)
under N105 treatment, while the electron flux from Q,~
to the PQ pool per active PSII (ET,/CS,,), electron flux
reducing end electron acceptors at the PSI acceptor side
per cross section (RE)/CSy), maximum quantum yield
for primary photochemistry (¢pPo), quantum yield for
electron transport (¢pEo), quantum yield for reduction of
the end electron acceptors at the PSI acceptor side (¢pRo),
and probability that a trapped exciton moves an electron
into the electron transport chain Beyond Quinone A
(t=0) (W0) were the highest. Moreover, the N105 treat-
ment promoted the transfer of absorbed energy in PSII,
reduced the dissipated energy, and was conducive to
improving the photosynthetic efficiency [55]. Accumu-
lated studies have shown that when plants are exposed to
excess light energy, they initiate a photoprotective strat-
egy, maximizing the use of light energy while increasing
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the loss of light energy to maintain normal plant growth
[56]. In our study, the absorbed photon flux per active
PSII (ABS/RC) of nodulating peanut varieties increased
under the N165 treatment, indicating that some reaction
centers of peanut PSII were deactivated [57]. The TR,/
RC, electron flux from Q,~ to the PQ pool per active
PSII (ET,/RC), and DIy/RC were higher under the N165
treatment than under the N105 treatment, suggesting
that leaves may activate the photoprotection strategy
and improve the high electron transfer efficiency (ET/
RC) and heat dissipation (DI,/RC) ability, which may pre-
vent damage to the photosynthetic mechanism caused by
excess light energy and maintain relatively higher photo-
synthetic capacity [58]. Meanwhile, non-nodulating DH9
was highly dependent on N fertilizer, and the activity of
OEC and PSII reaction center increased and the DI,/RC
decreased with an increase in N application, which main-
tains a high electron transfer efficiency, ensuring high
photosynthetic efficiency.

N is a critical component of plant growth and
development and it is very important to ensure the
balance between nitrogen supply and plant growth
needs. A previous study reported a significant correlation
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between the accumulation of total N and both DM and
pod yield in peanuts [59]. In other studies, N deficiency
significantly reduced crop height, leaf chlorophyll, DM,
and N accumulation [60], but these effects were alleviated
by the application of N fertilizer [6]. However, excessive
N application can negatively affect crop yield and DM
[59]. Our study showed that N application increased DM,
N accumulation, yield, and yield components of peanuts,
among which the DM, N accumulation, yield, and full
pod number per plant of nodulating peanut varieties
(NH5, XH11, and HH16) reached the maximum under
the N105 treatment. This may be because biological
N fixation (BNF) was the main source for meeting N
requirements in nodulating peanut varieties in the
podding stage [26, 32]. The process of BNF in peanuts
requires a certain amount of N initiation, and a small
amount of N application is conducive to the formation of
root nodules [61]. However, BNF is an energy-consuming
process that requires strict control of the number of
nodules [62]. To a certain extent, lower N application
cannot simultaneously satisfy the BNF and the normal
growth and development process of peanuts (N45),
while excessive N application (N165) would reduce the
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number of root nodules [28]. Therefore, in our study, the
nodulating peanut varieties had a higher yield potential
under the N105 treatment, while the non-nodulating
peanut variety (DH9) was more dependent on fertilizer
for N sources, and thus reached the highest yield under
high N treatment (N165).

The change in plant plasticity is an external represen-
tation of the change in its life activities. The plasticity
index can directly reflect the ability of plants to adapt to
environmental changes, and the higher the plasticity, the
greater the potential to adapt to the environment [63]. In
our study, the plasticity index of biomass and N content
of four peanut varieties were higher, indicating that N fer-
tilizer greatly promoted the growth and yield formation
of peanuts. Some differences in the plasticity of various
indexes were observed among varieties, among which,
the plasticity of fluorescence parameters related to XH11
and DH9 was relatively higher (RE,/CS,,), indicating that
exogenous N fertilizer could promote the photosynthetic
electron transfer in the peanut leaves, thus contributing
to the improvement of photosynthetic efficiency.

Correlation analysis showed that Pn and Tr had a posi-
tive correlation with Pod N accumulation and yield, indi-
cating that the leaf photosynthetic capacity is closely
related to peanut yield, consistent with previous findings
in rice [40], maize [23], and soybean [64]. The correla-
tion between photosynthetic indices differed among the
peanut varieties. Pn was significantly positively corre-
lated with Pod N in high nodulating varieties (XH11 and
HH16) and non-nodulating varieties (DH9), while Pn in
low nodulating varieties (NH5) was not significantly dif-
ferent between treatments. However, the correlation of
Pn with yield was not significant. This may be due to the
higher N absorption capacity of NH5, which increases
yield by distributing more N to the pods [32]. In addi-
tion, correlation analysis also indicated that the trap-
ping of light energy (TR) contributes to the increase in
peanut Pn, Tr, and Pod N, and the increase in electron
transport flux (ET) and electron transfer to PSI receptor
side terminal (RE) improves peanut yield. Xu et al. [55]
reached similar conclusions in oilseed rape using dif-
ferent N application rates. Taken together, these results
demonstrated that higher activity of PSII RCs, electron
transport, quantum yield, and efficiency are conducive to
the increase of yield (Fig. 9), providing a foundation for
elucidating the interrelationship between peanut photo-
synthesis and crop yield.

Conclusion

In summary, the present study demonstrates that
optimized nitrogen (N) application (N105) can improve
the performance of the photosystem II (PSII) donor/
acceptor side and the size of the terminal electron
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acceptor pool of the photosystem I (PSI) acceptor side,
enhance photosynthetic electron transport, reduce
the dissipated energy, and ultimately promote the
photosynthesis efficiency of peanut leaves. Meanwhile,
the N105 treatment can improve the photosynthetic
pigment content and photosynthetic capacity of peanut
leaves, which was conducive to N accumulation and dry
matter, and then promote the formation of yield and yield
components. However, electron transfer from primary
acceptor plastoquinone A (Q,) to the secondary acceptor
plastoquinone B (Qg) of PSII in nodulating peanut
leaves was blocked, the oxygen evolving complex (OEC)
was damaged, some reaction centers were deactivated,
and photosynthetic capacity decreased under high N
application (N165), while the non-nodulating peanut
varieties had higher photosynthetic efficiency and yield.
This study uncovers the photosynthetic electron transfer
response mechanism of peanut varieties with different
nodulations under different N fertilizer treatments
and provides highly guidance for efficient N fertilizer
management in cultivation and production.

Authors’ contributions

PG, HY and CJ designed the research. HY, CJ and XZ contributed reagents and
materials. PG, JR, XS, AX, PZ, YF and FG conducted the experiments, prepared
figures and tables. PG, JR and XS prepared and revised the manuscript. HY and
CJ organized and coordinated the whole project.

Funding

This study was financially supported by the earmarked fund for China Agricul-
tural Research System (CARS-13) and major project of food crop production
based on technological application of Liaoning province (2023JH1/10200002).

Availability of data and materials
Data has been included in the manuscript.

Declarations

Ethics approval and consent to participate

The peanut varieties in the current research are not threatened species. The
authors declare that we comply with the IUCN Policy Statement on Research
Involving Species at Risk of Extinction. Experimental research and field studies
on plants comply with relevant institutional, national, and international
guidelines and legislation.

Consent for publication
Not applicable.

Competing interest

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Received: 24 June 2024 Accepted: 5 August 2024
Published online: 14 August 2024



Guo et al. BMC Plant Biology

(2024) 24:774

References

1.

Lv Z, Zhou D, Shi X, Ren J, Zhang H, Zhong C, et al. Comparative multi-
omics analysis reveals lignin accumulation affects peanut pod size. Int J
Mol Sci. 2022;23(21): 13533. https://doi.org/10.3390/ijms232113533.
Zhao S, LU J, Xu X, Lin X, Luiz MR, Qiu S, et al. Peanut yield, nutrient uptake
and nutrient requirements in different regions of China. J Integr Agr.
2021;20(9):2502-11. https://doi.org/10.1016/52095-3119(20)63253-1.
Wang W, Li A, Zhang Z, Chu C. Posttranslational modifications: regulation
of nitrogen utilization and signaling. Plant Cell Physiol. 2021;62(4):543-52.
https://doi.org/10.1093/pcp/pcab008.

Mohammed H, Jaiswal SK, Mohammed M, Mbah GC, Dakora FD. Insights
into nitrogen fixing traits and population structure analyses in cowpea
(Vigna unguiculata L. Walp) accessions grown in Ghana. Physiol Mol Biol
Pla. 2020,26(6):1263-80. https://doi.org/10.1007/512298-020-00811-4.
Mueller SM, Vyn TJ. Physiological constraints to realizing maize grain yield
recovery with silking-stage nitrogen fertilizer applications. Field Crop Res.
2018;228:102-9. https://doi.org/10.1016/j.fcr.2018.08.025.

Li G, Guo X, Sun W, Hou L, Wang G, Tian R, et al. Nitrogen application

in pod zone improves yield and quality of two peanut cultivars by
modulating nitrogen accumulation and metabolism. BMC Plant Biol.
2024;24(1):48. https://doi.org/10.1186/512870-024-04725-1.

Albornoz F. Crop responses to nitrogen overfertilization: a review. Sci
Hortic-Amsterdam. 2016;205:79-83. https://doi.org/10.1016/}.scienta.
2016.04.026.2210.2210.

Li B, Yan L, Zhang W. Study on N application and N reduction potential of
farmland in China. Environ Monit Assess. 2023;195(10):1156. https://doi.
0rg/10.1007/510661-023-11780-y.

CaoY, PanY, Wang M, Liu T, Meng X, Guo S. The effects of different nitro-
gen forms on chlorophyll fluorescence and photosystem Il in Lonicera
Jjaponica. J Plant Growth Regul. 2023;42(7):4106-17. https://doi.org/10.
1007/500344-022-10873-1.

. Wei S, Wang X, Shi D, Li Y, Zhang J, Liu P, et al. The mechanisms of low

nitrogen induced weakened photosynthesis in summer maize (Zea mays
L) under field conditions. Plant Physiol Bioch. 2016;105:118-28. https://
doi.org/10.1016/j.plaphy.2016.04.007.

. Sun D, Xu H, Weng H, Zhou W, Liang Y, Dong X, et al. Optimal tempo-

ral-spatial fluorescence techniques for phenotyping nitrogen status in
oilseed rape. J Exp Bot. 2020;71(20):6429-43. https://doi.org/10.1093/jxb/
eraa372.

. WuY, LiQ Jin R, Chen W, Liu X, Kong F, et al. Effect of low-nitrogen

stress on photosynthesis and chlorophyll fluorescence characteristics
of maize cultivars with different low-nitrogen tolerances. J Integr Agr.
2019;18(6):1246-56. https://doi.org/10.1016/52095-3119(18)62030-1.

. Zhang Z,Li G, Gao H, Zhang L, Yang C, Liu P, et al. Characterization of

photosynthetic performance during senescence in stay-green and quick-
leaf-senescence Zea mays L. inbred lines. PLoS One. 2012;7(8):e42936.
https://doi.org/10.1371/journal.pone.0042936.

. Snider JL, Thangthong N, Pilon C, Virk G, Tishchenko V. OJIP-fluorescence

parameters as rapid indicators of cotton (Gossypium hirsutum L.) seedling
vigor under contrasting growth temperature regimes. Plant Physiol Bioch.
2018;132:249-57. https://doi.org/10.1016/j.plaphy.2018.09.015.

. Gao D,Ran C, Zhang Y, Wang X, Lu S, Geng Y, et al. Effect of different con-

centrations of foliar iron fertilizer on chlorophyll fluorescence character-
istics of iron-deficient rice seedlings under saline sodic conditions. Plant
Physiol Bioch. 2022;185:112-22. https://doi.org/10.1016/j.plaphy.2022.05.
021.

. Wei X, Han L, Xu N, Sun M, Yang X. Nitrate nitrogen enhances the effi-

ciency of photoprotection in Leymus chinensis under drought stress. Front
Plant Sci. 2024;15: 1348925. https://doi.org/10.3389/fpls.2024.1348925.

. Kang J,ChuY,Ma G, Zhang Y, Zhang X, Wang M, et al. Physiological

mechanisms underlying reduced photosynthesis in wheat leaves grown
in the field under conditions of nitrogen and water deficiency. Crop J.
2023;11(2):638-50. https://doi.org/10.1016/j.¢j.2022.06.010.

. Huang ZA, Jiang DA, Yang Y, Sun JW, Jin SH. Effects of nitrogen deficiency

on gas exchange, chlorophyll fluorescence, and antioxidant enzymes in
leaves of rice plants. Photosynthetica. 2004;42(3):357-64. https://doi.org/
10.1023/B:PHOT.0000046153.08935 4c.

. Parkash V, Snider JL, Sintim HY, Hand LC, Virk G, Pokhrel A. Differential sen-

sitivities of photosynthetic processes and carbon loss mechanisms gov-
ern N-induced variation in net carbon assimilation rate for field-grown

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

Page 16 of 17

cotton. J Exp Bot. 2023;74(8):2638-52. https://doi.org/10.1093/jxb/erad0
38.

Dudeja SS, Chaudhary P. Fast chlorophyll fluorescence transient and
nitrogen fixing ability of chickpea nodulation variants. Photosynthetica.
2005;43(2):253-9. https://doi.org/10.1007/511099-005-0041-y.

Lu C, Zhang J. Photosynthetic CO, assimilation, chlorophyll fluorescence
and photoinhibition as affected by nitrogen deficiency in maize plants.
Plant Sci. 2000;151(2):135-43. https://doi.org/10.1016/50168-9452(99)
00207-1.

Zhang X, Li K, Liu S, Xing R, Yu H, Chen X, et al. Size effects of chitooligom-
ers on the growth and photosynthetic characteristics of wheat seedlings.
Carbohyd Polym. 2016;138:27-33. https://doi.org/10.1016/j.carbpol.2015.
11.050.

Liu Z, Gao J, Gao F, Liu P, Zhao B, Zhang J. Photosynthetic characteristics
and chloroplast ultrastructure of summer maize response to different
nitrogen supplies. Front Plant Sci. 2018;9: 576. https://doi.org/10.3389/
fpls.2018.00576.

Liu M, Kameoka H, Oda A, Maeda T, Goto T, Yano K, et al. The effects of
ERN1 on gene expression during early rhizobial infection in Lotus japoni-
cus. Front Plant Sci. 2022;13:995589. https://doi.org/10.3389/fpls.2022.
995589.

Guo P Wang J, Shi X, Ren J, Chen C, Zhang P, et al. Effects of nitrogen
application rate on nodule characteristics and nitrogen utilization in
different peanut genotypes. J of Shenyang Agri Univ. 2022;53(4):385-93.
https://doi.org/10.3969/i.issn.1000-1700.2022.04.001. (In Chinese).
Palmero F, Fernandez JA, Garcia FO, Haro RJ, Prasad PVV, Salvagiotti F,

et al. A quantitative review into the contributions of biological nitrogen
fixation to agricultural systems by grain legumes. Eur J Agron. 2022;136:
126514. https://doi.org/10.1016/j.eja.2022.126514.

Wang C, Zheng Y, Shen P, Zheng Y, Wu Z, Sun X, et al. Determining N sup-
plied sources and N use efficiency for peanut under applications of four
forms of N fertilizers labeled by isotope °N. J Integr Agr. 2016;15(02):432-
9. https://doi.org/10.1016/52095-3119(15)61079-6.

Huang W, Yang Y, Zheng H, Olesen JE, Rees RM, Zou J, et al. Excessive N
applications reduce yield and biological N fixation of summer-peanut in
the North China Plain. Field Crop Res. 2023;302: 109021. https://doi.org/
10.1016/jfcr.2023.109021.

Abd-Alla MH, Al-Amri SM, El-Enany AWE. Enhancing Rhizobium-legume
symbiosis and reducing nitrogen fertilizer use are potential options for
mitigating climate change. Agriculture-Basel. 2023;13(11):2092. https.//
doi.org/10.3390/agriculture13112092.

Wang X, Qiu Z, Zhu W, Wang N, Bai M, Kuang H, et al. The NAC transcrip-
tion factors SNAP1/2/3/4 are central regulators mediating high nitrogen
responses in mature nodules of soybean. Nat Commun. 2023;14:4711.
https://doi.org/10.1038/s41467-023-40392-w.

Delfini R, Belgoff C, Ferndndez E, Fabra A, Castro S. Symbiotic nitrogen
fixation and nitrate reduction in two peanut cultivars with different
growth habit and branching pattern structures. Plant Growth Regul.
2010;61(2):153-9. https://doi.org/10.1007/510725-010-9461-1.

Guo P, Shi X, Ren J, Chen C, Zhang P, Zhao X, et al. Nitrogen acquisition
and allocation traits in peanuts with different nodulation efficiency
revealed by the '°N tracer analysis. J Soil Sci Plant Nut. 2024. https://doi.
0rg/10.1007/542729-024-01823-9.

Yang Q, GuoY, Li J, Wang L, Wang H, Liu G, et al. Natural plant inducer
2-Amino-3-Methylhexanoic acid protects physiological activity against
high-temperature damage to tea (Camellia sinensis). Sci Hortic-Amster-
dam. 2023;312: 111836. https://doi.org/10.1016/j.scienta.2023.111836.
Lichtenthaler HK. Chlorophylls and carotenoids: Pigments of photosyn-
thetic biomembranes. Method Enzymol. 1987;148:350-82. https://doi.
0rg/10.1016/0076-6879(87)48036-1.

Luo K, Xie C, Yuan X, Liu S, Chen P, Du Q, et al. Biochar and biofertilizer
reduced nitrogen input and increased soybean yield in the maize
soybean relay strip intercropping system. BMC Plant Biol. 2023;23(1):38.
https://doi.org/10.1186/512870-023-04058-5.

Snedecor GW, Cochran WG. sixth ed. lowa State University Press; Ames.
Lowa, USA: 1967. Statistical Methods.

Gitelson AA, Gritz Y, Merzlyak MN. Relationships between leaf chlo-
rophyll content and spectral reflectance and algorithms for non-
destructive chlorophyll assessment in higher plant leaves. J Plant Physiol.
2003;160(3):271-82. https://doi.org/10.1078/0176-1617-00887.


https://doi.org/10.3390/ijms232113533
https://doi.org/10.1016/S2095-3119(20)63253-1
https://doi.org/10.1093/pcp/pcab008
https://doi.org/10.1007/s12298-020-00811-4
https://doi.org/10.1016/j.fcr.2018.08.025
https://doi.org/10.1186/s12870-024-04725-1
https://doi.org/10.1016/j.scienta.2016.04.026.2210.2210
https://doi.org/10.1016/j.scienta.2016.04.026.2210.2210
https://doi.org/10.1007/s10661-023-11780-y
https://doi.org/10.1007/s10661-023-11780-y
https://doi.org/10.1007/s00344-022-10873-1
https://doi.org/10.1007/s00344-022-10873-1
https://doi.org/10.1016/j.plaphy.2016.04.007
https://doi.org/10.1016/j.plaphy.2016.04.007
https://doi.org/10.1093/jxb/eraa372
https://doi.org/10.1093/jxb/eraa372
https://doi.org/10.1016/S2095-3119(18)62030-1
https://doi.org/10.1371/journal.pone.0042936
https://doi.org/10.1016/j.plaphy.2018.09.015
https://doi.org/10.1016/j.plaphy.2022.05.021
https://doi.org/10.1016/j.plaphy.2022.05.021
https://doi.org/10.3389/fpls.2024.1348925
https://doi.org/10.1016/j.cj.2022.06.010
https://doi.org/10.1023/B:PHOT.0000046153.08935.4c
https://doi.org/10.1023/B:PHOT.0000046153.08935.4c
https://doi.org/10.1093/jxb/erad038
https://doi.org/10.1093/jxb/erad038
https://doi.org/10.1007/s11099-005-0041-y
https://doi.org/10.1016/s0168-9452(99)00207-1
https://doi.org/10.1016/s0168-9452(99)00207-1
https://doi.org/10.1016/j.carbpol.2015.11.050
https://doi.org/10.1016/j.carbpol.2015.11.050
https://doi.org/10.3389/fpls.2018.00576
https://doi.org/10.3389/fpls.2018.00576
https://doi.org/10.3389/fpls.2022.995589
https://doi.org/10.3389/fpls.2022.995589
https://doi.org/10.3969/i.issn.1000-1700.2022.04.001
https://doi.org/10.1016/j.eja.2022.126514
https://doi.org/10.1016/S2095-3119(15)61079-6
https://doi.org/10.1016/j.fcr.2023.109021
https://doi.org/10.1016/j.fcr.2023.109021
https://doi.org/10.3390/agriculture13112092
https://doi.org/10.3390/agriculture13112092
https://doi.org/10.1038/s41467-023-40392-w
https://doi.org/10.1007/s10725-010-9461-1
https://doi.org/10.1007/s42729-024-01823-9
https://doi.org/10.1007/s42729-024-01823-9
https://doi.org/10.1016/j.scienta.2023.111836
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1186/s12870-023-04058-5
https://doi.org/10.1078/0176-1617-00887

Guo et al. BMC Plant Biology

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

(2024) 24:774

Correia CM, Pereira JMM, Coutinho JF, Bjorn LO, Torres-Pereira JMG.
Ultraviolet-B radiation and nitrogen affect the photosynthesis of maize:

a mediterranean field study. Eur J Agron. 2005;22(3):337-47. https://doi.
0rg/10.1016/}.6j2.2004.05.002.

Richards RA. Selectable traits to increase crop photosynthesis and yield of
grain crops. J Exp Bot. 2000;51(suppl_1):447-58. https://doi.org/10.1093/
jexbot/51.suppl_1.447.

Fang X, Li Y, Nie J, Wang C, Huang K, Zhang Y, et al. Effects of nitrogen
fertilizer and planting density on the leaf photosynthetic characteristics,
agronomic traits and grain yield in common buckwheat (Fagopyrum
esculentum M.). Field Crop Res. 2018;219:160-8. https://doi.org/10.1016/j.
fcr.2018.02.001.

Lin ZH, Zhong QS, Chen CS, Ruan QC, Chen ZH, You XM. Carbon dioxide
assimilation and photosynthetic electron transport of tea leaves under
nitrogen deficiency. Bot Stud. 2016;57(1):37. https://doi.org/10.1186/
540529-016-0152-8.

Bauwe H, Hagemann M, Kern R, Timm S. Photorespiration has a dual
origin and manifold links to central metabolism. Curr Opin Plant Biol.
2012;15(3):269-75. https://doi.org/10.1016/j.pbi.2012.01.008.

Li M, Xu J,Wang X, Fu H, Zhao M, Wang H, et al. Photosynthetic character-
istics and metabolic analyses of two soybean genotypes revealed adap-
tive strategies to low-nitrogen stress. J Plant Physiol. 2018;229:132-41.
https://doi.org/10.1016/.jplph.2018.07.009.

Kalaji HM, Jajoo A, Oukarroum A, Brestic M, Zivcak M, Samborska IA, et al.
Chlorophyll a fluorescence as a tool to monitor physiological status of
plants under abiotic stress conditions. Acta Physiol Plant. 2016;38(4):102.
https://doi.org/10.1007/511738-016-2113-y.

Stirbet A, Riznichenko GY, Rubin AB, Govindjee. Modeling chlorophyll a
fluorescence transient: relation to photosynthesis. Biochemistry-Mos-
cow+. 2014; 79(4): 291—323. https://doi.org/10.1134/500062979140400
14.

Vass I, Cser K, Cheregi O. Molecular mechanisms of light stress of photo-
synthesis. Ann NY Acad Sci. 2007;1113(1):114-22. https://doi.org/10.1196/
annals.1391.017.

Zhao M, Yuan L, Wang J, Xie S, Zheng Y, Nie L, et al. Transcriptome analysis
reveals a positive effect of brassinosteroids on the photosynthetic capac-
ity of wucai under low temperature. BMC Genomics. 2019;20(1):810.
https://doi.org/10.1186/512864-019-6191-2.

Strasser RJ, Tsimilli-Michael M, Srivastava A."Analysis of the chlorophyll a
fluorescence transient,"in chlorophyll a fluorescence: a signature of pho-
tosynthesis, Eds. G.C. Papageorgiou and Govindjee. (Dordrecht: Springer
Netherlands). 2004; 321-362.

Roose JL, Frankel Lk Fau - Bricker TM, Bricker TM. Documentation of sig-
nificant electron transport defects on the reducing side of photosystem Il
upon removal of the PsbP and PsbQ extrinsic proteins. Biochemistry-US.
2010; 49(1520-4995(Electronic)): 36—41. https://doi.org/10.1021/bi901
7818.

Strasser BJ. Donor side capacity of Photosystem Il probed by chlorophyll
a fluorescence transients. Photosynth Res. 1997;52(2):147-55. https://doi.
org/10.1023/A:1005896029778.

Suérez JC, Vanegas JI, Contreras AT, Anzola JA, Urban MO, Beebe SE, et al.
Chlorophyll fluorescence imaging as a tool for evaluating disease resist-
ance of common bean lines in the western amazon region of colombia.
Plants-Basel. 2022;11(10): 1371. https://doi.org/10.3390/plants11101371.
Strasserf RJ, Srivastava AJP. Polyphasic chlorophyll a fluorescence tran-
sient in plants and cyanobacteria. Photochem Photobiol. 1994,61(1):32—
42. https://doi.org/10.1111/j.1751-1097.1995.tb09240.x.

Kalaji HM, Baba W, Gediga K, Goltsev V, Samborska IA, Cetner MD, et al.
Chlorophyll fluorescence as a tool for nutrient status identification in
rapeseed plants. Photosynth Res. 2018;136(3):329-43. https://doi.org/10.
1007/511120-017-0467-7.

GuoY, LuY, Goltsev V, Strasser RJ, Kalaji HM, Wang H, et al. Comparative
effect of tenuazonic acid, diuron, bentazone, dibromothymogquinone and
methyl viologen on the kinetics of Chl a fluorescence rise OJIP and the
MRg,, signal. Plant Physiol Bioch. 2020;156(1):39-48. https://doi.org/10.
1016/j.plaphy.2020.08.044.

Xu H, Cen H, Ma Z, Wan L, Zhou W, He Y. Assessment of seed yield and
quality of winter oilseed rape using chlorophyll fluorescence parameters
of pods. T ASABE. 2020;63(2):231-42. https://doi.org/10.13031/trans.
13176.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 17 of 17

Murchie EH, Niyogi KK. Manipulation of photoprotection to improve
plant photosynthesis. Plant Physiol. 2011;155(1):86-92. https://doi.org/10.
1104/pp.110.168831.

Strasser R, Stirbet A. Estimation of the energetic connectivity of PSIl cen-
tres in plants using the fluorescence rise O-J-I-P. Math Comput Simulat.
2001;56(4-5):451-62. https://doi.org/10.1016/50378-4754(01)00314-7.
Yang YJ, Zhang SB, Wang JH, Huang W. Photosynthetic regulation under
fluctuating light in field-grown Cerasus cerasoides: a comparison of young
and mature leaves. Biochim Biophys Acta. 2019;1860(11):148073. https://
doi.org/10.1016/j.bbabio.2019.148073.

Xia G,WangY, Hu J,Wang S, Zhang Y, Wu Q, et al. Effects of supplemental
irrigation on water and nitrogen use, yield, and kernel quality of peanut
under nitrogen-supplied conditions. Agr Water Manage. 2021;243:
106518. https//doi.org/10.1016/j.agwat.2020.106518.

Guo H,PuX, JiaH, ZhouY, Ye G, Yang Y, et al. Transcriptome analysis
reveals multiple effects of nitrogen accumulation and metabolism in the
roots, shoots, and leaves of potato (Solanum tuberosum L.). BMC Plant
Biol. 2022;22(1):282. https://doi.org/10.1186/512870-022-03652-3.
Polania J, Poschenrieder C, Rao |, Beebe S. Estimation of phenotypic
variability in symbiotic nitrogen fixation ability of common bean under
drought stress using '°N natural abundance in grain. Eur J Agron.
2016;79:66-73. https://doi.org/10.1016/j.€ja.2016.05.014.

Yoro E, Nishida H, Ogawa-Ohnishi M, Yoshida C, Suzaki T, Matsubayashi Y,
et al. PLENTY, a hydroxyproline O-arabinosyltransferase, negatively regu-
lates root nodule symbiosis in Lotus japonicus. J Exp Bot. 2019;70(2):507-
17. https://doi.org/10.1093/jxb/ery364.

GuoH, Dong Q Li S, Cha X, Sun L, Duan H, et al. Effects of exogenous cal-
cium on growth, chlorophyll fluorescence characteristics and antioxidant
system of Fraxinus malacophylla seedlings. Plant Physiol Bioch. 2023;201:
107860. https://doi.org/10.1016/j.plaphy.2023.107860.

Schansker G, Toth SZ, Strasser RJ. Methylviologen and dibromothymo-
quinone treatments of pea leaves reveal the role of photosystem | in the
Chl a fluorescence rise OJIP. Biochim Biophys Acta. 2005;1706(3):250-61.
https://doi.org/10.1016/j.bbabio.2004.11.006.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1016/j.eja.2004.05.002
https://doi.org/10.1016/j.eja.2004.05.002
https://doi.org/10.1093/jexbot/51.suppl_1.447
https://doi.org/10.1093/jexbot/51.suppl_1.447
https://doi.org/10.1016/j.fcr.2018.02.001
https://doi.org/10.1016/j.fcr.2018.02.001
https://doi.org/10.1186/s40529-016-0152-8
https://doi.org/10.1186/s40529-016-0152-8
https://doi.org/10.1016/j.pbi.2012.01.008
https://doi.org/10.1016/j.jplph.2018.07.009
https://doi.org/10.1007/s11738-016-2113-y
https://doi.org/10.1134/s0006297914040014
https://doi.org/10.1134/s0006297914040014
https://doi.org/10.1196/annals.1391.017
https://doi.org/10.1196/annals.1391.017
https://doi.org/10.1186/s12864-019-6191-2
https://doi.org/10.1021/bi9017818
https://doi.org/10.1021/bi9017818
https://doi.org/10.1023/A:1005896029778
https://doi.org/10.1023/A:1005896029778
https://doi.org/10.3390/plants11101371
https://doi.org/10.1111/j.1751-1097.1995.tb09240.x
https://doi.org/10.1007/s11120-017-0467-7
https://doi.org/10.1007/s11120-017-0467-7
https://doi.org/10.1016/j.plaphy.2020.08.044
https://doi.org/10.1016/j.plaphy.2020.08.044
https://doi.org/10.13031/trans.13176
https://doi.org/10.13031/trans.13176
https://doi.org/10.1104/pp.110.168831
https://doi.org/10.1104/pp.110.168831
https://doi.org/10.1016/S0378-4754(01)00314-7
https://doi.org/10.1016/j.bbabio.2019.148073
https://doi.org/10.1016/j.bbabio.2019.148073
https://doi.org/10.1016/j.agwat.2020.106518
https://doi.org/10.1186/s12870-022-03652-3
https://doi.org/10.1016/j.eja.2016.05.014
https://doi.org/10.1093/jxb/ery364
https://doi.org/10.1016/j.plaphy.2023.107860
https://doi.org/10.1016/j.bbabio.2004.11.006

	Optimized nitrogen application ameliorates the photosynthetic performance and yield potential in peanuts as revealed by OJIP chlorophyll fluorescence kinetics
	Abstract 
	Background 
	Method 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Plant material and treatment
	Measurement items and methods
	Photosynthetic parameters
	Chlorophyll a fluorescence
	Photosynthetic pigment content
	Dry matter (DM) and N accumulation
	Yield and its components

	Statistical analysis

	Results
	Photosynthetic parameters
	Chlorophyll fluorescence kinetics and the parameters of JIP-test

	The OJIP curves
	The O-J phase and O-I phase
	Pipeline models of specific energy fluxes
	Leaf model representing phenomenological energy fluxes
	Quantum yields and efficiencies & probabilities
	Photosynthetic pigment content in leaves
	Dry matter and N accumulation
	Yield and its components
	Plant phenotypic plasticity analysis
	Correlation analysis


	Discussion
	Conclusion
	References


