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Abstract—Peanut (Arachis hypogaea L.) is a geocarpic plant, which absorbs nutrients not only through roots
but also through pods. However, the effect of nitrogen fertilizer application in pod area on pod gene expres-
sion and peanut yield is unknown. In this study, we determined the pod yield, dry matter accumulation, nitro-
gen accumulation in different organs under different nitrogen treatment in root zone and pod zone. The
results showed that pod area application of nitrogen led to significantly higher pod yield to compare with the
control. The application of 60 kg/hm? nitrogen at the pod area led to the highest pod yvield, full fruit rate and
plant nitrogen content. >N directly absorbed by pods was mainly accumulated in the shell at early stage of
pods development, and then transferred to seeds at later period. However, the ratio of "N absorbed directly
by pods from soil was low, only about 10%. To understand the underlying molecular mechanisms, immature
pods of different developmental stages were collected for gene expression analysis. The expression levels of
several genes encoding ABC type transporter family, nitrate reductase, nitrite reductase and glutamine synthetase
increased in different stages of pod development upon pod area nitrogen application. These results indicated
that the efficiency of N assimilation and glutamate metabolic cycle in pods was increased under pod nitrogen
application. The expression levels of several genes in gibberellin and brassinolide biosynthesis pathways were
also up-regulated, suggesting that these two hormones were involved in the promoting effect of pod nitrogen

application on pod growth.
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INTRODUCTION

Peanut is one of the important oil crops in the
world. Nitrogen (N) fertilizer as base fertilizer is an
important measure to obtain high yield in peanut pro-
duction [1]. Nitrogen sources of peanut include soil,
fertilizer and nodule nitrogen fixation. Recent studies
have shown that peanut nodule fixed N can only pro-
vide 40 to 50% of the N required for peanut growth,

Abbreviations: NUE—N use efficiency; NRT—nitrate trans-
porter family; CLC—chloride channel family; AMTS—ammo-
nium transporters; TIPs—tonoplast intrinsic proteins; NR—
nitrate reductase; NiRA—nitrite reductase; GS/GOGAT—glu-
tamine synthetase/glutamate synthetase; FHI1—‘Fenghua 1°;
PES—pod expanding stage; PFS—pod filling stage; HS—har-
vesting stage; LN—low nitrogen; HN—high nitrogen; DEGs—
differentially expressed genes; FHN—FH1 treated with nitrogen
in pod zone; FHO—FHI1 control; MIPs—major intrinsic pro-
teins; DUR3—high-affinity urea transporter; GDH—glutamate
dehydrogenase; KAO1—ent-kaurenoic acid oxidase; GA20ox—
gibberellin 20 oxidase 2; GA3ox—gibberellin 3-beta-dioxygen-
ase; GA2ox—gibberellin 2-beta-dioxygenase; BRI1—brassinos-
teroid-insensitivel; BES1/BZR1—BRI1 EMS SUPPRESSOR
1/BRASSINAZOLE RESISTANT 1; EIN3—Ethylene-insensi-
tive3; ACS—ACC synthase; ACO—ACC oxidase.

which indicates that more than half of the N required
for peanut is from soil and fertilizer [2, 3]. Nitrogen
affects the growth and development of various organs
of peanut, and further affects the yield and quality. In
order to increase the yield, more and more N fertilizer is
applied in peanut production. In a certain range, total N
uptake and N use efficiency (NUE) of peanut increased
with the increased level of N application, however, NUE
decreased when the N level is too high [4].

NUE is related to N uptake efficiency (NUpE;
above-ground N uptake perunit N available) and N-uti-
lization efficiency (NUtE; grain dry matter yield per
unit above-ground N uptake). Nitrate nitrogen (NOyj)

and ammonium nitrogen (NHI) are the two main
forms of N uptake by roots and utilization by plants.
The most used N fertilizers in the modern agriculture
was urea [CO(NH,),] because of the low price and the
high N content. Urea can be directly absorbed by
plant, part of it is rapidly broken down into ammo-
nium by urease, which is in turn converted into nitrate
nitrogen in soils [5]. Nitrogen assimilation process
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first requires specific transporters including nitrate
transporter family (NRT), the chloride channel family
(CLC), ammonium transporters (AMTS)and tono-
plast intrinsic proteins (TIPs) for N uptake from the
surrounding environment [6—9]. In plant cells, nitrate
is reduced by nitrate reductase (NR) and nitrite reduc-

tase (NiRA) to ammonia, and more than 95% of NH;
was then incorporated into glutamine synthetase/glu-
tamate synthetase (GS/GOGAT) pathway to generate
glutamine, which then transferred into other amino
acids or biomolecules [10—12].

More and more N fertilizer is used in agriculture.
The excess N could be converted to N oxide gases that
contribute to global warming, and it could also cause
water eutrophication, global acidification and strato-
spheric ozone loss [13]. Improving NUE in crops is
critical for sustainable agriculture. Different from
most of other crops, peanut has a unique feature of
that flowering and fertilization are accomplished
above ground, while the fruit formation is under-
ground [14]. In the process of pod expansion, nutri-
ents are absorbed not only through the root, but also
through the pod, providing more nutrients for the pea-
nut [15]. The ¥*Ca labeling experiments revealed that
during pod development, 90% of calcium is absorbed
directly by pods from the soil. Sufficient calcium in
the pod area is very important for pod development,
yield formation and nutritional quality. Calcium con-
tent of the pod increased sharply in the early stage of
pod development. If calcium supply in pod area was
insufficient 20—30 d after the gynophore buried in the
soil, the calcium content of pods would decrease, and
eventually the pod size and dry weight decreased sig-
nificantly [16, 17]. However, whether pod plays criti-
cal roles in nitrogen absorption is unknown. In this
project, N labeled nitrogen fertilizer was applied in
pod area which was separated from the roots. The pod
yield, dry matter accumulation, total nitrogen of dif-
ferent organs and pod gene expression were investi-
gated upon pod area nitrogen application. The expres-
sion of genes related to nitrogen absorption, metabo-
lism, hormone synthesis and signal transduction were
affected, suggesting the global changes after pod area
nitrogen application, and eventually improved pod
yield. This study provided important information for
efficient N fertilizer application during peanut growth.

MATERIALS AND METHODS

Plant growth conditions and sampling methods. The
cultivated peanut ‘Fenghua 1’ (FH1) was selected as
the experimental material. The experiment was con-
ducted in pot culture in experimental station of Shan-
dong Academy of Agricultural Sciences from May to
September of 2019. The size of the pot was 40 cm in
inner diameter and 35 cm in depth. Each pot was filled
with 25 kg of air-dried soil, the basic nutrient contents
of the soil were as follows: organic matter 12.36 g/kg,

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69:51

total nitrogen 1.08 g/kg, alkali-hydrolyzed nitrogen
89 mg/kg, available phosphorus 45.46 mg/kg, and
available potassium 98.83 mg/kg. Three seeds were
planted in the center of the pot, and two plants were
final singling one week after the seedlings emerged.
Before the peanut flowering, the designed plastic box
is put into the pot, and filled with clean sand. The pea-
nut gynophores sand pods could grow with in the box,
so that the root and pod could grow under different
nutritional environments. In the root zone, two nitro-
gen application levels were set, the low (60 kg/hm? of
urea) and the high (120 kg/hm? of urea) levels, and the
levels of 90 kg/hm? and 150 kg/hm? P,O5 and K,O
were applied to the root zone soil. The nitrogen level
in the pod area was 0, 30, 60 and 90 kg/hm?, respec-
tively. Ten pots for each treatment. The nitrogen
source was N labeled urea with "N abundance of
10.12% and nitrogen content was 46.03%, purchased
from Shanghai Research Institute of Chemical Indus-
try. Nitrogen fertilizer was applied to the root zone
before sowing and pod zone fertilizer was applied
before the gynophores growing into soil. During the
growth period, referring to the method of Inanaga
et al. [15], nutrient solution was applied in the pod
area, and the nutrient composition was: 0.6 g P as
K,HPO, and KH,PO,, 0.8 g Ca as CaCl,, 0.5 g Mg as
MgSO,, 2 mg Bas H;BO;, 2 mg Mn as MnCl,-4H,0,
0.3 mg Cuas CuSO,5H,0, 0.4 mg Zn as ZnSO,7H,0,
0.3 mg Mo as (NH,)¢{Mo,0,,4H,0, 0.4 mg Fe as
EDTA-Fe per pot. The peanut sowed on May 15 and
harvested on September 20.

Recorded the date when the gynophores were bur-
ied into the soil. Samples were collected from the
whole plant according to stem, leaf, gynophores, fruit
shell and seeds at three periods: the pod expanding
stage (PES, 20 d after soil penetration), the pod filling
stage (PFS, 40 d after insertion) and the harvesting
stage (HS, 60 d after soil penetration). Samples were
fixing dried at 105°C for 0.5 h and then fully dried at
80°C before weighted. The dry weight, plant nitrogen
content and PN abundance were determined. The
nitrogen content was measured by Kjeltec 2300 auto-
matic nitrogen determination instrument, and N
abundance was measured by Isoprime-100 stable iso-
tope analyzer.

To study the effect of nitrogen application on
changes of gene expression in pods development and
nitrogen absorption and utilization, nitrogen fertil-
izer was applied to the pod zone when the gyno-
phores were buried into the soil. The pure nitrogen
concentrations were 0 (FHO) and 60 kg/hm? (FHN)
for the control and the treated group. Nutrient solu-
tion was applied at the same time. The pods were
sampled at 10 d (S1), 20 d (S2) and 30 d (S3) after
gynophores soil penetration.

Calculation method for nitrogen uptake in root and
pod zones. Nitrogen accumulation amount per plant,
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(NAA, g/plant) = Y Nitrogen content of each
organs (%) X dry matter accumulation (g), the
Nitrogen content was converted into nitrogen ele-
ments from urea;

N atom % excess = "N abundance — N natural
abundance;

The ratio of nitrogen accumulation from labeled
nitrogen (N proportion derived from pod zone,
NPDF, %) = BN atom % excess in plant sample/"N
atom % excess in fertilizer X 100;

Plant "N accumulation (N amount derived from
fruiting zone, NADF, g/plant) = total nitrogen accu-
mulation (g/plant) X NPDF%.

Statistical analyses. The statistical analysis and
independent 7-test was performed using SPSS, ver-
sion 17.0 software (SPSS, United States). When three
or more groups were compared, a one-way analysis of
variance (ANOVA) was performed, followed by Tukey’s
multiple-comparison test, with the comparisons
between different treatments considered significantly
different at a P-value of 0.05. Then SigmaPlot 14.0 was
used to make diagrams.

RNA extraction, cDNA synthesis and high-through-
put sequencing. Total RNA was extracted from seeds
using Trizol Reagent (TaKaRa, China) according to
the manufacturer’ s instructions. RNA samples were
treated with DNase I to remove genomic DNA con-
tamination. RNA quality and quantity were analyzed
using Agilent 2100 and NanoDrop. mRNA was
enriched using magnetic beads with Oligo (dT) and
cleaved into short fragments (~200 nt) in fragmenta-
tion buffer. The reverse transcription was conducted
with random hexamer primer and then the second
strand cDNA was synthesized. After end repair, the
5'tails were phosphorylated, the 3' tails were added
with an adenine. Sequencing adaptors were ligated to
the double-stranded DNA fragments. Then the frag-
ments were amplified by PCR to construct cDNA
library. The library was sequenced using BGISEQ-500
platform by Beijing Genomics Institute (BGI).

Bioinformatics analysis of RNA sequence data. Raw
reads were generated from each cDNA library. To
obtain clean reads, the adaptor sequences, low-quality
reads and reads containing more than 5% unknown
bases were removed using SOAPunke and trimmo-
matic software. Clean reads were mapped to the refer-
ence genome of Arachis hypogaea ‘Tifrunner’ (https://
www.peanutbase.org/data/public/Arachis_hypogaea/)
using HISAT?2 program [18]. The clean reads were
aligned to reference gene by Bowtie2 (RNA-Seq by
Expectation Maximization) [19]. The statistical anal-
yses of randomness, degree of coverage, and sequenc-
ing saturation were also accomplished. The gene
expression level was calculated with RSEM method
and normalized to FPKM (Fragments per Kb per mil-
lion reads) [20]. The relative gene expression level
between two samples was counted by log, ratio. Pear-
son’s correlation coefficient between every two samples
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and principal component analysis (PCA) were per-
formed. Differentially expressed genes (DEGs) were
identified using DEGseq2 method and screened with
the criteria of fold change =2 and Q-value <0.001 [21].
Gene Ontology (GO) annotation was carried out by
Blast2GO program through comparing DEGs with
GO terms in the GO database and GO functional clas-
sification was performed using WEGO software.
KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway analysis was conducted by mapping DEGs to
KEGG database. The GO and KEGG functional
enrichment were performed using hypergeometric test.
The P-value formula in hyper geometric test can be
acquired from https://en.wikipedia.org/wiki/Hyper-
geometric distribution in detail. FDR (False Discovery
Rate) correction of all p-values was conducted. The GO
terms and KEGG pathways whose FDR <0.01 were
defined as significant enriched. BLASTX (E <0.00001)
against NCBI Nr database was carried out.

The RNA-seq data in this study were available at
NCBIBioProject: PRINA764875 (https://www.ncbi.
nlm.nih.gov/bioproject/PRINA764875).

Verification of RNA-seq data by qRT-PCR. qRT-PCR
was used to verify the expressional levels of 17 selected
genes. RNA samples were those used for high-
throughput sequencing and the reverse transcription
was performed using PrimeScript II 1st Strand cDNA
Synthesis Kit (TaKaRa). The gene-specific primers
were designed using PerlPrimer software and were
listed in Additional file 8: Table S7. qRT-PCR reac-
tion was performed on ABI7500 Real Time System
(Applied Biosystems) using TB Green™ Premix Ex
Taq™ II (TaKaRa). The parameters of thermal cycle
were 94°C for 10 min, followed by 40 cycles of 94°C
for 15 s and 60°C for 1 min in a 20 uL volume. Three
biological replications were performed for each reac-
tion with actin gene as internal reference. The relative
expressional level of each gene between FHN and
FHO was calculated by 2-24¢t method.

RESULTS

Nitrogen Fertilizer Application in Pod Area Increased
Peanut Yield and Dry Matter Accumulation of the Plants

In the case of applying low nitrogen (LN) to the
root zone, with the increase of N application in the
pod area, the peanut pod yield was increased signifi-
cantly. However, there was no significant difference
among three different concentrations of pod N appli-
cation. In the case of applying high nitrogen (HN) to
the root zone, the pod yield was increased significantly
after pod area N application. When 60 kg/hm? nitro-
gen was applied in the pod zone, the maximum yield
was reached (Fig. 1). There was no significant differ-
ence among three different concentration of pod N
application. At root zone HN condition, the yield
increase of pod N application was lower than that of
root zone LN condition.
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Fig. 1. Pod yield per plant under different nitrogen appli-
cation ate_in root and pod zone. LN—Low nitrogen of
60 kg/hm2 in the root zone; HN—High nitrogen of
120 kg/hm2 in the root zone; N0, N30, N60, N90: Nitro-
gen application amount of 0, 30, 60, 90 kg/hm2 in pod
zone. The same designations are below. (/) NO; (2) N30;
(3) N60; (4) N90.

The whole peanut plants dry matter accumulation
was also increase upon pod area N application (Fig. 2).
At root zone LN condition, pod zone N application
significantly promoted dry matter accumulation of the
whole plant, with concentration dependent manner.
At pod filling stage (PFS) and harvesting stage (HS)
developmental stages, the dry matter accumulation
was much higher than that of the pod expanding stage
(PES) stage (Fig. 2). Similar results were observed at
root zone HN condition. However, at root zone HN,
high N application (90 kg/hm?) in pod zone resulted
in a lower dry matter to compare the medium level of
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N application (60 kg/hm?), especially in HS stage. For
example, in HS stage, at root zone LN condition, the
dry matter of high N application (90 kg/hm?) was 0.46 g
higher than medium N application (60 kg/hm?).
However, at root zone HN condition, the dry matter
of high N application (90 kg/hm?) was 0.73 g lower
than medium N application (60 kg/hm?). The contri-
bution of N application in pod area to dry matter accu-
mulation of HN was smaller than that of LN. In con-
clusion, the effect of nitrogen supplementation in pod
zone was more significant when there was insufficient
N in root zone, while excessive N application was not
conducive to dry matter accumulation when there was
sufficient N in root zone.

Nitrogen Absorption and Distribution of Different Organs
with Pod Zone N Application

Nitrogen application in pod area increased the N
content of total plant (Table S1; Fig 3). At PES, the
main organ of nitrogen accumulation was the leaves
and the N ratio in leaves was 49.1 ~ 50.6%. AtPFS, the
N accumulation ratio in leaf and seeds were both high.
AtHS, the nitrogen distribution ratio in stem or in
leaves decreased rapidly, and a large amount of nitro-
gen flows to the seeds. At HS, under root LN and HN
conditions, pod area N application led to 19.53—
33.24% and 17.31 ~ 22.51% increasement of total plant
nitrogen accumulation, respectively. It was obvious
that the increased range under root LN condition was
significantly greater than that of root HN condition. It
was suggested that the N application in pod zone could
in some extent compensate the deficiency of nitrogen
in the root zone.

Nitrogen uptake by pods was tracked by N in
plants. The total absorbed amount of PN per plant
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Fig. 2. Dynamics of dry matter amount under different nitrogen application rate in root and pod zone. (a) (1) LNO; (2) LN30;
(3) LN60; (4) LN90. (b) (/) HNO; (2) HN30; (3) HN60; (4) HN90. PES—Pod Expanding Stage; PFS—Pod Filling Stage;

HS—Harvesting Stage. The same designations are below.
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Fig. 3. Nitrogen or 5N accumulation in different organs of peanut under different nitrogen application rate in root and pod zone

(mg/plant). LNN—Nitrogen content under LN treatment; LN

15N—DN content under LN treatment; HNN—Nitrogen content

under HN treatment; HN15N— PN content under HN treatment. (1) NO; (2) N30; (3) N60; (4) N90

increased with the increase of N application rate in
pod area (Table S2; Fig 3). AtPES and PFS, the total
BN uptake under LN60 and LN90 condition was
higher than under HN condition. It suggested that the
available N at LN condition was insufficient during
these two developmental stages, and therefore the pod
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absorbed N was important for pod development. At

HS, the BN accumulation per plant under LN was
lower than under HN, mainly due to the reduced bio-
mass of plants under LN.

BN allocation proportion at different organs was
researched. In PES, PN directly absorbed by pods was
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Table 1. PN allocation proportion of different organs under different nitrogen application rate in root and podzone (%)

Sampling Treatments Stem Leaf Gynophore Shell Seed

LN30 11.21 £ 1.83a | 15.28£0.70 ¢ 9.02+0.65a | 64.49 +£3.55b -
LN60 1240+ 1.21a | 19.20xt 1.43b 7.70 £ 0.94a | 60.69 £ 2.51 ab —

PES LN90 1294+ 1.09a | 2414+ 1.51 a 9.11 £0.88a | 53.81 =4.55a —
HN30 7.96 £ 0.65b | 1501 £1.76b | 10.61 £ 0.55a | 66.42+4.54a —
HN60 9.35+124a | 1770+ 1.70 ab| 9.35+1.53a |63.59+542a -
HN90 9.87+049a | 1947+ 1.74a | 10.15+0.78a | 60.52+ 1.46a —
LN30 16.64 £247a | 18.36 £2.55b 528+0.71a | 11.78 £ 1.54a | 4794+ 3.14a
LN60 1230 £ 0.51b | 24.50+2.08a 355+042b | 12.06 = 1.37a | 4759+ 1.44a

PES LN90 14.72 £ 1.09ab | 26.34+ 243 a 3.67+0.66b | 14.01 2091 a | 41.26 £3.12b
HN30 11.46 £ 0.83b | 12.12+2.79¢c 6.71+£0.52a | 13.99+1.62a | 5571 £3.30a
HN60 10.89 £2.38b | 17.66 £ 2.65b 5.99+0.30a | 13.04 £0.42ab| 52.42+2.33a
HN90 14.79 £ 1.28a | 27.60 £ 2.51 a 576 £ 1.16a | 1048+ 1.51b | 41.37+091b
LN30 9.00+ 1.00 a 8.70 £ 1.53 ¢ 529%+0.34b | 11.00£2.08a | 66.01 = 11.08 a
LN60 822+0.82a | 12.78 £ 1.63b 522x0.17b 899+ 10la |64.79+590a

HS LN90 981 *+0.71a | 1742+ 1.15a 7.46 £0.43 a 9.39+1.03a |65.73+3.69a
HN30 7.95+0.65a 516 £0.48b 3.90+0.28b 8.80+0.49¢c | 74.18+3.16a
HN60 581+ 1.12b 6.51 = 0.88a 742+t 1.19a 11.14 £ 0.70b | 69.12 + 1.52 ab
HN90 8.09 £ 0.66 a 5.52+0.52ab| 6.56+0.34a | 15.80 +0.83a | 64.03 £3.29b

Significant differences between treatments were indicated by different letters (P < 0.05). The same below.

mainly accumulated in the shell, and then transferred
to seeds in PFS and HS periods (Table 1). The ratio of
BN in leaves under LN was higher than those under
HN, indicated that when the root absorbed insuffi-
cient nitrogen, the pod absorbed nitrogen could dis-
tribute more to vegetative organs. However, during
PFES and HS stages, when active biosynthesis of seed
storage substances occurred, the proportion of nitro-
gen in shells decreased while the proportion of nitro-
gen in seeds increased gradually. At PES, the early fill-
ing stage of pods, the leaves shared more pod absorbed
nitrogen, while significantly less was shared by leaves
at HS stage, indicating that the pod absorbed nitrogen
could be distributed according to the needs of different
organs. The proportion of PN distributed in seeds
under HN was higher than that under LN, however,
the proportion of PN distributed in leaves and stems
under HN was lower than that under LN, indicating
that the plant could adjust the nitrogen supply when
the nitrogen absorbed from root zone was insufficient,
and the nitrogen absorbed by pod should first meet the
needs of vegetative organs such as stem and leaf. At
HS, 73.08~77.01% of pod absorbed "N under LN
condition was kept in pods, while 79.83~82.98% of
pod absorbed N under HN condition remained in
pods. In general, the pod absorbed N accounted a
small portion (about 10% under LN90) of the total N
absorbed by the plant at HS.

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69:51

Differentially Expressed Genes between FHN and FHO

In order to elucidate the mechanisms underlie yield
improvement by pod area N application, gene expres-
sion of the immature pods was analyzed. Nitrogen
application in pod zone significantly increased fruit
size, including the length, the width and the fresh
weight of the pods in different stages (Fig. 4). Pods of
FH1 after buried in soil for 10, 20 and 30 d were col-
lected for total RNA extraction. Eighteen cDNA librar-
ies were constructed and sequenced by BGISEQ-500
(Table 2). A total of 0.396 Gb raw reads were gener-
ated, and the average output data per sample was
22.02 Mb. After eliminating the low-quality sequences,
the average clean reads of each library was 21.62 Mb,
and the average clean reads ratio was 98.19%. About
20.93 Mb and 16.84 Mb clean reading in each library
matched perfectly with reference genome and gene
sets, with the average alignment rate of 96.82 and
77.90%, respectively.

A total of 58443 genes were detected, most of the
transcripts were completely covered, and the reads
were evenly distributed in each region of the tran-
scripts. Comparing gene expression during three
developmental stages of FHN and FHO immature
pods, 3918, 5943 and 2399 DEGs were identified,
respectively (Tables S3—S5). At stage one, 1256 up-
regulated genes and 2662 down-regulated genes in
FHN were identified to compare with FHO. At stage
two, 4724 up-regulated genes and 1219 down-regu-
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Fig. 4. Pod size at different development stages of nitrogen application in pod zone. N60—60 kg hm ™2 nitrogen application;
NO—O0 kg hm—2 nitrogen application; S1—Pods of 10 days after the gynophores putted into the soil; S2—Pods of 20 days after
the gynophores putted into the soil; S3—Pods of 30 days after the gynophores putted into the soil. Significant differences
between treatments were indicated by one asterisk (P < 0.05) or two asterisks (P < 0.01). (/) NO; (2) N60

lated genes were identified in FHN to compare with
FHO. Similarly, we found 1222 up-regulated genes and
1177 down-regulated genes in FHN to compare with
FHO at stage three. Compared with FHO1, 1256 genes
were up-regulated and 2662 genes were down regu-
lated in FHN1; Compared with FHO2, the number of
up-regulated and down regulated genes in FHN2 was
4724 and 1219, respectively; Compared with FHO3,
the number of up-regulated and down regulated genes
in FHN3 was 1222 and 1177, respectively (Fig. 5).

Functional Analysis of Differentially Expressed Genes

GO classification and KEGG pathway analysis of
DEGs were carried out to further understand the
molecular mechanisms of pod N application on yield.
go classification showed that there were 1577, 2649
and 1086 DEGs in the three stages (S1, S2 and S3) of
immature pods under nitrogen treatment. GO analysis
divided these DEGs into three categories: biological

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69:51

process, cell composition and molecular function. In
terms of molecular function, catalytic activity and
binding were the most abundant classes; in terms of
cell composition, membrane, cell, membrane part and
organelle were the main classes; in terms of biological
process, metabolic process and cellular process were
the most abundant classes.

KEGG enrichment pathway analysis was carried out
for the DEGs identified in this study (Fig. 6; Table S6).
In S1, MAPK signal transduction pathway, plant hor-
mone signal transduction and biosynthesis pathway
were more abundant, indicating the active response to
environmental stimuli. Several pathways related to the
synthesis of secondary metabolites, sugars and lipids
were enriched. For the secondary metabolism, we
found that phenylpropane biosynthesis, flavonoid
biosynthesis, isoflavonoid biosynthesis were enriched.
For sugar metabolism, the results showed that pentose
and glucuronide conversion, starch and sucrose
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Fig. 5. Differentially expressed genes of immature pods at three stages under nitrogen treatment in pod zone. (a) The number of
differentially expressed genes in three developmental stages; (/) up-regulated; (2) down-regulated. (b) Venn diagram showed the
common and specific differentially expressed genes in three developmental stages.

metabolism, polysaccharides degradation, and galac-
tose metabolism were enriched. For lipid metabolism,
the enriched pathways were ether lipid metabolism,
butanote metabolism, glyoxylate and dicarboxylate
metabolism, ketone bodies synthesis and degradation,
fatty acid degradation, linoleic acid metabolism, and
C5-branched dibasic acid metabolism. At S2, the
plant hormone signaling pathway, secondary metabo-
lites, carbohydrate and lipid synthesis pathways were
all enriched. In addition, photosynthesis, amino acid
biosynthesis, nucleic acid biosynthesis pathways were
enriched. In S3, in addition to the above-mentioned
pathways, the stilbenoid biosynthesis, diarylheptanoid,
gingerol and selenocompound metabolism pathway
were enriched.

DEGs Involved in Nitrogen Absorption and Metabolism

Plants absorbed urea partly by urea transporters,
two types of plant membrane transporters, major
intrinsic proteins (MIPs) and high-affinity urea trans-
porter (DUR3). However, the expression levels of
MIP and DUR3 genes were low and no obvious
changed in peanut pods. ABC transporter is a kind of
urea transporters which can consumes energy and
transport urea against a concentration gradient in bac-
teria. We found that 48 ABC transporter genes were
expressed in pods, and some of them were highly
expressed in S2 (Table 3). The expressions of 25 ABC
transporter family genes were significantly higher in
FHN?2 than that in FHO2. For example, the expres-
sion of ABC transporter A family member 7-like
(HBIL5H) in FHN2 was 41.51 times higher than that
in FHO2. In addition, the expressions of 10 ABC-type
transporter genes were lower in FHN1 than that in
FHO1, while their expressions were higher in FHN3
than that in FHO3. The differential expression of
these genes suggests that pod zone N application

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69:51

active these special group of ABC transporter family
genes, which may play roles in pod urea transport and
utilization. Aquaporin may also play roles in pod urea
absorption. Our results showed that upon pod N
application, the expression of most aquaporin in
FHN1 was lower than FHO1, however, their expres-
sion level increased significantly in FHN2 to compare
with FHO?2. For example, the expression of aqguaporin
TIP1-3-like in FHN2 was 4.81 times higher than that
in FHO2.

Urea could be degraded to CO, and NH; by the
function of urease in soil, which then absorbed by
plants then in the form of ammonium nitro-
gen.GS/GOGAT cycleis the main pathway of ammo-
nium assimilation in organisms. GS catalyzes the syn-
thesis of glutamine from ammonium ion and gluta-
mate, and then receives the carbon skeleton from o-
ketoglutarate to produce glutamate under the action of
glutamate synthase (GOGAT). The glutamate is con-
verted into ammonia through the action of glutamate
dehydrogenase (GDH), forming a complete gluta-
mate cycle. GS is the rate limiting enzyme of this
cycle. Under pod N application, among the 12 anno-
tated GS genes, most of them did not change obvi-
ously, only two of them showed higher expression level
in FHN3 to compare with FHO3. The expression of
one GOGAT gene in FHN1 and four GDH in FHN2
was up-regulated to compare with FHO1 and FHO2,
respectively. The results showed that the efficiency of

NH4+ assimilation and glutamate metabolic cycle
increased upon pod N application. Nitrate nitrogen is
another form of nitrogen absorption by plants. After
pod zone urea application, the expression of nitrate
transporter genes in pods changed slightly. The
expression of three high affinity nitrate transporter 2.5
genes in FHN1 and FHN2 were two times higher than
that in FHO1 and FHO?2, while no significant differ-
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Fig. 6. The first 20 KEGG enrichment pathways of DEGs in immature pods at three developmental stages under urea treatment.
S1, S2 and S3 represent the three developmental stages of pods after 10, 20 and 30 days respectively. The x-axis represents the
ratio of gene enrichment, that is, the ratio of the number of differential genes in this pathway to the number of specific genes anno-
tated. The size of the bubble indicates the number of annotated genes in the KEGG pathway. The color represents the enriched

Q-value. The darker the color, the smaller the Q-value.

ence was observed between FHN3 and FHO3. Nitrate
reductase (NR), nitrite reductase (NiRA) and gluta-
mine synthetase (GS) are important components of
NOj; assimilation in plants, they are the rate limiting
factor in nitrate reduction pathway. NR convert nitrate

to nitrite and NiRA degraded nitrite to NH, the

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69:51

expressions of one NR gene in FHN1, FHN2, FHN3
were 7.77, 2.37 and 15.19 times higher than that in
three corresponding stages of FHO, respectively. One
NIRA gene in FHN1, FHN2, FHN3 was 2.54, 4.40
and 28.57 times higher than that in three correspond-
ing stages of FHO, respectively.
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DEGs Related to Hormone Synthesis
and Signal Transduction

Gibberellin and brassinolide play key roles in fruit
enlargement. In the gibberellin synthesis pathway, the
expression levels of two ent-kaurenoic acid oxidase
(KAO1) genes in FHN2 were 6.14 and 12.28 times
higher than that in FHO2 (Table 4). One CPS gene
which coding ent-copalyl diphosphate synthase was
strongly induced by pod N application, the expression
level in FHN3 was 33.16-fold higher than that in
FHO3. Most of gibberellin 20 oxidase (GA200x) and
gibberellin 3-beta-dioxygenase (GA3o0x) encoding
genes, which catalyze the formation bioactive GA,
were up-regulated upon pod N application. For exam-
ple, the expression of nine GA20ox genes in FHN2 and
FHN3 were significantly up-regulated to compare
with FHO2 and FHO3, respectively. The expression
levels of the one Ga3ox genes were strongly up-regu-
lated in FHN2 to compare with FHO2. Gibberellin 2-
beta-dioxygenase (GA20x) catalyzes the inactivation
of bioactive GAs, some GA2ox genes were induced dif-
ferent degrees in S1 or S2 stage under N application.
The expressions of three gibberellin-regulated protein
were found increased in FHN2 than that in FHO2.
The significant expression changes of these GA related
genes suggested that pod N application promoted gib-
berellin metabolism, and eventually promoted pod
growth and development.

Pod N application induced the changes in expres-
sion of several genes in the brassinolide synthesis path-
way. One cytochrome p45090A1 like isoform X1 gene
was significantly up-regulated in FHN3, which was
13.95-fold higher than that in FHO3. Two cyfochrome
p45085A like genes were highly up-regulated in
FHNZ2, the expression levels in FHN2 were 99.01 and
1085.40-fold higher than in FHO2. The expression of
brassinolide receptor (BRII) gene was also induced by
pod N application. The expression of one BES1/BZR]1,
the key positive regulator of brassinolide signaling
pathway, increased significantly in FHN2 and FHN3
to compare with FHO2 and FHO3, respectively. The
expression of two zeatin biosynthesis pathway genes
(CYP734A1 and CYP735A1) in FHN2 was signifi-
cantly increased, which were hardly detectable in
FHO2. These results indicated that the synthesis of
brassinolide was active under pod N application,
which may play important roles in peanut pods
enlargement.

Verification of DEGs Using gRT-PCR

In order to validate the RNA-Seq data, the expres-
sion levels of 14 DEGs were detected using Quantita-
tive Realtime PCR (qRT-PCR). The relative expres-
sion levels of these genes estimated by qRT-PCR were
generally consistent with those by RNA-seq. The cor-
relation coefficient of a liner regression analysis was
0.9066 (Fig. 7; Table S7).

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69:51

DISCUSSION

Previous studies showed that with the increase of
N application, the main stem height, lateral branch
length, branch number, leaf number and dry matter
accumulation of peanut were significantly affected [22].
During peanut pod development, 90% of calcium is
absorbed directly by pods from the soil [16, 17]. How-
ever, our results showed that the ratio of N absorbed
directly by pods from soil was low, only about 10%. In
early development stage of the pods, the main organ of
nitrogen accumulation was the leaves, but during pods
maturation, lots of nitrogen flew to seeds. "N labeled
experiment showed that during early pod development,
nitrogen absorbed by pods was mainly accumulated in
the shell, followed by other organs, especially the leaves.
At late development stages, the pod absorbed nitrogen
was transferred to seeds mainly. This result is consistent
with previous research results [22].

Application of N increased the content of soluble
protein and free amino acid in various peanut organs,
and also improve the activities of nitrogen assimilases
such as nitrate reductase, glutamine synthase and glu-
tamate dehydrogenase [23, 24]. Our results showed
that the expression levels of NR, NIRA and GS were
increased in the pods after pod zone N application.
When applied urea in the soil, it can be directly
absorbed by plants or decomposed into ammonium
nitrogen (NH;) and nitrate nitrogen (NO;) in the
soil, which are the two main forms of nitrogen absorp-
tion by plants. Plant uptake these substances requires
a variety of transporters, such as ABC transporters,
nitrate transporter family (NRT), ammonium trans-
porters (AMTS) and tonoplast intrinsic proteins
(TIPs), etc. [6—9]. ABC transporter family has been
widely studied in mammals and microorganisms, but
it is still a relatively new research field in plants. In this
study, the expression of several ABC transporter genes
and aquaporin genes were increased, especially in sec-
ond stage. Nitrate transporter (NPT) were mainly dis-
tributed in the cortical cells of the root mature area of
Arabidopsis [25]. In the absence of nitrogen, NRT2.1
and NRT?2.2 could regulate the high affinity transport
system of NO?-, thus affecting nitrate absorption and
root development [26, 27]. Three high affinity nitrate
transporter genes NRT2.5 are highly induced during
nitrogen starvation and play a potential role in nitrate
transport in phloem. They can improve the utilization
efficiency of NO3~, make plants adapt to short-term
nitrogen starvation and maintain normal life activities
[28, 29]. In this study, twelve high affinity nitrate
transporter genes were expressed in pods, and three of
them were up-regulated upon pod N application. It
showed that the expression of high affinity nitrate
transporter was affected not only by nitrate deficiency,
but also by the absorption and utilization of ammo-
nium nitrogen y plants. Ureaseisa is a kind of enzymes

that can convert urea in to NHj, which is a direct
nitrogen source and participates in nitrogen reabsorp-

2022



Page 13 of 16 51

THE MECHANISMS OF POD ZONE NITROGEN APPLICATION

dn/—/umop| $0-de¥'C| 801 I-9418°6] SS0— | €I-d88°C| €9°6— rIAd ¥ 1Ad 103do0a1 pIoe ISISqQY | AXFINLN Ayery
—/=/umop| $0-dT6C| SS0— | 6¢-dEIE| LbO— | TT-H8I'E| LLT— tTAd ¥ TAd 1032031 pIoE JISISqY OII140Ayery
MI-8604¥d
dn/dn/—| 90-d6v'1| TT1 80-d1¥'6| vI'C S0-d€9°S| 6L0— /1494 Jojoey uonduiosuer) sAISUOdsaI-ausjALYly | LreYAd Ayely
—/dn/—| z0-d€9°C| €€0 60-d8¥'1| 0T'1 10-498°C| $0°0 ENIA| -1 Sojowoy [QHJ Iouodsuen aeydsoyd | ZSA 10D Ayery
—/=/umop| GS-H9¥'I| €80 €0-d8S°1| 60°0— | SLc-AYOL| 181— ¥Id MNI-7 103do0I QUSIAYID | OALSIINAYRIY
—/=/umop| S€-HL0T| 950 | TOHIK'6| ¥00— | 6ST-HASKT| S8EI— ¥1d ¢ 10ydadaraualAg | pMLLHTAYRIY
NI[-9SePIXO
—/dn/—| z0-ds¢€T| ¥I'0— | ¥6T-HESH| 10T 1S-d€0°C| +6°0— ooV oyejAxoqreo- [ -ouedordopioourwe-| | [9XSVYN AYery
AI[-3SEPIXO
dn/—/—| $8-avI'T| 9T1 1-4sz°¢| wo— | 10-9¥T1| 90°0— ooV are[Axoqred- [ -suedordopAdourwe-| | SYHMSH Ayery
—/dn/—| z0-dSL'8| 1+°0 pI-A¥€9| 0LT €0-dII'T| 120~ XD NI[-¢ aseua3oIpAyep UruRolA) | IAMOA ATV
—/dn/umop - - IS-ALI'E| €6°L €p-d69°T| 6I'l— | [VFELDAD MI[-aSLAXOIPAY UIURO}AD) | N9EHDZ Ayely
—/dn/umop| [0-409°S| 100 01-d¥6°1| 0t°01 L9-AYL'T| 6v'1— | IVSELDAD ONI[-ISBIAXOIPAY UIUMOIAD) | [607A N AYRIV
01.S€313V aseuny uta}
—/=/dn| 10-dEIE| 0 10-d€S°C| 0€°0 v0-d8S°T| 6¢1 [1¥g | -oid ai[-103daoar yeadar You-auONA[ 9[qeqold | SOTINL Ayery
dn/dn/—| zo-dzec| TSl TI-498'8| 9I'¢ 10-dL¥' 1| 9€°0— | [4Z4/1S99 o1[-¢ ujoxd Sojowoy 1YZd/1Sd4d AN0ESTAyery
dn/—/—| o0¢-d¥8'1| 08¢ LO-AIET| 6L°0 LO-A9L'T| LS0— IV06dAD [X W0JOSI M- V06 0Sd SWOIYI0ILD) 1STD99Ayery
dn/—/—| 812-909°L| +9'1 IS-d61°L| 680 10-d8+'1| S0°0— IVILdAD MI-TVIL 0Spd SWorgoolk) | MATSILAYeIV
—/dn/umop | [0-d6S°S| SO0 98-dST'T| 80°0I 6€-dILY| €0'1— VS8dAD TX WIOJOSI MI[-VS8 0SHd SWOIYI0IL) | dNYO9H Ayery
dn/dn/umop| €0-d0b'8| 0T°¢ €61-491'C| €99 IP-41€T| TO1— VS8dAD MU-VSS 0SHd QWOIYO0IAD | AZASH Ayery
—/dn/umop | €0-d6T°1| 0v0 S0-dTeL| €€ 80-d90°'1| 09'1— 9dYD X wuojost 9 uisjord payenSar-uleIeqqlo | VNN9IAAYeIY
—/dn/—| 00+3000| 0L0 00+d00°0| L9'1 €0-40€L| 80°0— 4D { urxjo1d pajen3ar-u219qqro T019(4 Ayery
dn/dn/dn|  z1-9%0'1| L0°1 I¢-d6€y| Or'l SOT-d6£'8| 9€'1 xXozyD MI[- | 9SBUSSAXOIP-BJRQ-T UI[[I3QQID | D9IYHOAyeIY
—/—/umop| QI-A6I'6| 950 ¥0-dOI'T| 9T0— | vy-d8ET| II'l— xozyD [ X WIOJOSI| dSeUASAXOIP-BJAQ-UI[[QIAAQID) [ SHOOXTAyeIY
—/dn/umop - - 9Z-408°9| 06°L Ov-dLI'T| +€1— XogyD MI[- | 9SBUIBAXOIP-BIAQ-¢ U1 | L8VSHOAYRIY
N
dn/dn/—| ¢€1-907°9| S9'1 cT-dese| €¥1 T0-dSS°1| 070 SXDOZ | -£dOV 9seusadAxolp juspuadsp-sjeren3oxo-g | HESHAXAYely
dn/—/umop | v¥[-4L0°L| L9'T 10-94ST°1| 110 6£-460v | 9 T— X007V M- [9SEPIXO () UI[I3qqID 1987 Ayery
onsejdoio[yd
dn/—/—| L1-d8v'6| T8'1 €0-40T°'8| SS°0 LO-H6E°8| L8O~ SdD ‘aseyjuAs oreydsoydip [Aledodo-ug | MHOAVA AYeIY
—/dn/umop - - 1€-dv0C| 9¢ ¥8-dSTT| 8P'1— ovy OYI[- 9SEpIXO pioe dloudmey-juy | MySZHATAYelY
(COHd | (€OH4 | (ZOHA | (tcOH4 | (JOHA | (1OHA
(€S/TS/1S) | /eNHA) |/eNHA)| /eNHA) |/cNHA) | /INHAD) |/INHD|  oweu
puan oneA-y | 8ol | onppA-y | ¢80l | onfea-y | 8ol Juan) HoRHonnY IN QL3O
uorssaxdxg

(OHA/NHA) 12A9] uUoIssa1dxa AnR[Y

OHA pue NHH U9amI1aq souag Surfeusis pue SISSYIUASOIq [BUOWIOY JO UOISSaIdXa [eNUSIQ)JI(] *f qeL

2022

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69:51



51 Page 14 of 16 HOU et al.
(a)
5 1RT5A7 30 7TAQZ6X 1.2 - 66GL51 2.5 P1A5SDP
4 2.0
3 1.5
2 1.0
1 . _ 0.5
0 RNA-seq gRT-PCR 0 RNA-seq qRT-PCR 0 RNA-seq qRT-PCR 0 RNA-seq qRT-PCR
2.5¢F YAYOHW 3.5~ T69QNS 2.5~ T38HF5 0 SWSTAL
2.0 30 2.4+
| 2.5 2.3F
g 1 20 22¢
LS 1.0f L5 2.1
- L .01 2.0r
g 05 050 191
g 0 RNA-seq gqRT-PCR 0 RNA-seq qRT-PCR 18 RNA-seq gqRT-PCR
2 G39DTN 84CMUG
o 0
& 0.1 —0. (b)
) —8% = 0 4r
o o3l —0.
£ 0.4 —0:4 3t .
< —05F -
& —0.6 0 o 2+ Ty
—0.7r _ % °
—0.8- —1. <Zt I
0 L7V4PR QZ950J >
0 T | 1 1 -I 1 . 1 1 1 1 )
—0.5 —0.5 -4 -3 -2, -k 0 1 2 3 4 5
—i-g -1.0 B
20 _;3 e Tl
—2.5 4
20 5 gRT-PCR
-3.5 -3.0

Fig. 7. Verification of DEGs by qRT-PCR. (a) Transcript levels of 14 genes related to hormone signal transduction and cell wall
organization. Data are means of three replicates, and error bars represent = SE (n = 3). (b) Pearson’s correlation of gene expres-
sion ratios between RNA-seq and qRT-PCR results. The correlation of the fold change was analyzed by RNA-seq (x-axis) with

gRT-PCR (y-axis) data. y = 7.037x + 0.1986; R%=0.9066.

tion. The activation process of urease requires the par-
ticipation of urease accessory protein UREFs. How-
ever, pod N application had no significant effect on
the expression of urease and UREFs genes. The ABC
transporter family, aquaporins and high affinity
nitrate transporters (NR7s) may play key roles in urea
or nitrate transport, and different transporters func-
tions in different developmental stages. However, pod
N application had no significant effect on AMT gene
expression.

Phytohormones and nitrate transporters interact
and coordinate with each other, and play important
roles in plant growth and development [30]. Studies
have shown that when plants grow from low nitrogen
to high nitrogen condition, ethylene production was
markedly promoted in roots. This is because the

increase of NOj supply can trigger ethylene biosyn-
thesis by activating the transcription of ACS (ACC
synthase) and ACO (ACC oxidase) genes. Ethylene
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synthesis can also inhibit the expression of AtNRT2.1

gene, thereby reducing the absorption of NO; [30, 31].
Spraying ethephon on peanut plants could improve
the enzymes activities of glutazamide synthase, nitrate
reductase and the nitrogen use efficiency [32]. In the
current study, the expression of ACO genes increased,
it may be associated with the synthesis of ethylene to
regulate the activity of nitrogen metabolism enzymes.
The expression of EIN3 (Ethylene-insensitive3) and
ERF1I in ethylene signal transduction increased. Exog-
enous application of GA can improve the activity of
nitrogen metabolism enzymes in cucumber, enhance
the ability of nitrogen metabolism, and eventually
promote root nitrogen absorption [33]. GA can regu-
late the expression level of NPFin cucumber roots and
NPF members have the ability to transport GA in Ara-
bidopsis |34, 35]. In our study, after pod zone N appli-
cation, NPF3.1 was activated. The expression of sev-
eral genes of GAs and zeatin synthesis pathway and
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signal transduction pathway were increased, which
may promote pod expansion.

Nitrogen fixation of peanut root nodules contrib-
uted greatly to plant nitrogen. However, nitrogen fixa-
tion related genes, such as Nod-factor receptor 1
(NRFI), Nod-factor receptor 5 (NRF5), Symbiotic

Receptor Kinase (SYMRK) and Ca,/calmodulin-depen-
dent protein kinase (CCaMK) genes, were expressed
lowly in pods, and nitrogen application in pod areas
affect little on their expression. Only some early nod-
ulin protein genes were expressed higher under nitro-
gen deficiency than under nitrogen application in S1
stage of N application in pods areas. It suggested that
the lack of nitrogen in early pod development pro-
moted biological nitrogen fixation in some extent. It is
consistent to the previous study that with the increase
of nitrogen fertilizer application, nitrogen fixation of
rhizobia was gradually inhibited [36].
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