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RNA-seq reveals the gene expression

in patterns in Populus x euramericana 'Neva'
plantation under different precision water
and fertilizer-intensive management

Zhou Wang'?", Weixi Zhang'#', Changjun Ding'?, Yongxiu Xia®, Zhengsai Yuan'?, Jiangtao Guo*, Jinjin Yu'?,
Bingyu Zhang'?" and Xiaohua Su'**"

Abstract

Background Populus spp.is a crucial fast-growing and productive tree species extensively cultivated in the mid-
latitude plains of the world. However, the impact of intensive cultivation management on gene expression in
plantation remains largely unexplored.

Results Precision water and fertilizer-intensive management substantially increased key enzyme activities of
nitrogen transport, assimilation, and photosynthesis (1.12-2.63 times than CK) in Populus X euramericana 'Neva'
plantation. Meanwhile, this management approach had a significant regulatory effect on the gene expression

of poplar plantations. 1554 differential expression genes (DEGs)were identified in drip irrigation (ND) compared

with conventional irrigation. Relative to ND, 2761-4116 DEGs, predominantly up-regulated, were identified under
three drip fertilization combinations, among which 202 DEGs were mainly regulated by fertilization. Moreover, drip
irrigation reduced the expression of cell wall synthesis-related genes to reduce unnecessary water transport. Precision
drip and fertilizer-intensive management promotes the synergistic regulation of carbon and nitrogen metabolism and
up-regulates the expression of major genes in nitrogen transport and assimilation processes (5 DEGs), photosynthesis
(15 DEGS), and plant hormone signal transduction (11 DEGs). The incorporation of trace elements further enhanced
the up-regulation of secondary metabolic process genes. In addition, the co-expression network identified nine hub
genes regulated by precision water and fertilizer-intensive management, suggesting a pivotal role in regulating the
growth of poplar.

Conclusion Precision water and fertilizer-intensive management demonstrated the ability to regulate the expression
of key genes and transcription factor genes involved in carbon and nitrogen metabolism pathways, plant hormone
signal transduction, and enhance the activity of key enzymes involved in related processes. This regulation facilitated
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nitrogen absorption and utilization, and photosynthetic abilities such as light capture, light transport, and electron
transport, which faintly synergistically regulate the growth of poplar plantations. These results provide a reference for
proposing highly efficient precision intensive management to optimize the expression of target genes.

Keywords Populus x euramericana, Precision water and fertilizer-intensive management, Transcriptome, Nitrogen

metabolism, Photosynthesis

Background

Populus spp. stands as one of the foremost fast-growing
and prolific tree species, commanding the largest inten-
sive cultivation area in the mid-latitude plains worldwide
[1]. Poplar is the most widely planted plantation species
in China, with a planting area ranking first in the world.
However, the potential production of poplar has not been
fully exploited in China, which is much lower than at the
international level. One of the key reasons for low pro-
duction potential is the inefficient intensive management
[2].

Water and nutrients complement and interact with
each other throughout the entire process of plant growth
and development [3, 4], and irrigation and fertilization
can cover the shortage of water and nutrients during
the life cycle [5]. However, water deficit limits nitrogen
uptake whereas over-supplement of water may cause
nutrient losses through leaching, thus it is necessary to
develop effective application regimes of water and fertil-
ization [6]. Drip fertigation, a new technology combining
drip irrigation and fertilization, ensures the simultane-
ous supply of water and fertilizers [7] and has now been
widely applied in intensive agriculture, horticulture, and
fruit planting in most developed or agricultural countries,
to increase the production of them, as well as water and
nutrient utilization efficiency [8, 9]. With the growing
awareness of sustainable development, drip fertigation
has gained widespread adoption in intensively man-
aged agroforestry, including plantation [3, 8, 10, 11]. Yan
et al. [12, 13] have applied drip fertigation in an inten-
sively managed poplar (Populus X euramericana 'Guari-
ento') plantation for several years, resulting in significant
increases in both biomass and soil organic carbon con-
tent compared to conventional management. Specifically,
over the three experimental years, the biomass increased
by 4.3-52.2%, carbon storage increased by 76%, and the
soil organic carbon content exhibited an annual increase
of 12-21%. This suggests that applied drip fertigation in
intensive management could significantly promote the
productivity and increased carbon storage of poplar plan-
tation, as well as the effectiveness of nitrogen and water
in the surface soil. Mi et al. [14, 15] analyzed the rules of
uptake, consumption, and transport of water and nutri-
ents in the soil, growth plasticity, as well and root spatial
distribution of poplar plantation in sandy areas formu-
lated a precision drip fertigation regimes, which could
effectively promote the growth of diameter at breast

height (DBH), height, and timber volume of poplar plan-
tation, and then increase the productivity. Zhang et al.
[16] demonstrated that long-term irrigation significantly
increased the total branch xylem cross-sectional area in
various canopy layers. This improvement enhanced the
overall water-conducting area of the branches within the
canopy and then enhanced the growth of Populus tomen-
tosa Carr. effectively. Du et al. [17] indicated that the total
biomass of Populus deltoides 'Danhong' and Populus
simonii 'Tongliaol' increased 1.69 and 1.10 times, respec-
tively, after fertilization compared with non-fertilization.
However, the above studies were mainly concerned with
the phenotypic level such as growth, physiology, and bio-
chemistry, there is no study on the effects of cultivation
managed on gene expression of plantation.
High-throughput sequencing technology can effec-
tively investigate genome-wide gene expression of plants,
which benefits the explanation of the regulatory effects
of different cultivation measures at the omics level, such
as the transcriptome, proteome, and metabolome in the
field. Based on this, it can clarify the response of gene
expression to specific environmental conditions com-
prehensively, systematically, and realistically, and con-
tribute to proposing a reasonable intensive management
with real-time growth regulation technology systems, to
achieve the optimal expression of target genes. In recent
years, there have been studies reporting on the appli-
cations of RNA-sequencing (RNA-seq) technology in
intensive agriculture, showing notable progress. Chen
et al. [18] analyzed the effects of trace irrigation at dif-
ferent depths on cotton (Gossypium hirsutum L.) yield
and plant responses in the field, and found that drip irri-
gation at 30 cm underground can significantly increase
cotton yield, which was suitable for cotton irrigation in
China’s Inner Mongolia. Nonetheless, drip irrigation at a
depth of 50 cm led to a reduced cotton yield and differ-
ential expression of transcription factors (including bZIP,
WARK, Myb, and NAC) in response to drought stress.
This implies that irrigation at a greater depth influenced
cotton yield by inducing drought stress. Zhang et al. [19]
found that stable soil water content (SW) conditions not
only increased maize (Zea mays L.) growth and yield sig-
nificantly but also highly up-regulated expression of lots
of DEGs in the photosynthesis (including PsbE, PsbF,
PsbA, PsbD, etc.) and oxidative phosphorylation path-
way (including atpE, atpB, ndhE, ndhG, etc.), compared
with a soil moisture content of dry and wet alternation
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conditions, which indicates that the physiological mecha-
nism of SW to increase maize yield may be the enhance-
ment of photosynthetic capacity and energy metabolism.
Ou et al. [20] studied the effects of different nitrogen fer-
tilizer treatments on transcriptome variations of Panax
notoginseng roots and found that ammonium and nitrate
fertilizers are simultaneously used could increase the
P notoginseng root yield by promoting the TCA cycle,
which activated by up-regulation of ACLA-3 and several
key metabolites in this cycle. Fu et al. [21] researched how
rice (Oryza sativa L.) responded to the mixed provision
of ammonium- and nitrate-nitrogen(MPAN)and found
that the amount and rate of nutrient (N, P, and K) uptake
and their translocation in rice were highly enhanced
under 75:25 MPAN with 25% of NO;™-N and shoot bio-
mass was also increased significantly under 75:25 MPAN.
Ultimately, 476 DEGs (288 up-regulated and 179 down-
regulated) associated with nitrogen metabolism, carbon
fixation in photosynthetic organisms, photosynthesis,
starch and sucrose metabolism, and zeatin biosynthesis
were identified. These genes play a crucial role in enhanc-
ing nutrient uptake, translocation, and seedling growth.
However, so far, there has been only one study on the dif-
ferent cultivation measure’s effects on gene expression of
plantation forestry. That is the gene expression of plan-
tation poplar (Populus x euramericana) regulated by dif-
ferent planting densities, first published by our research
group. This study showed that there were significant
changes in the expression of metabolism-related and
stimulus-related genes in response to planting density.
And number of genes related to plant light responses,
photosynthesis, and carbon and nitrogen metabolism
were observed, displaying upregulation under high-den-
sity [22].

Here, an 11-year-old Populus X euramericana 'Neva'
plantation in the sandy area of the North China Plain
was used as the research object, we analyzed the whole-
genome expression patterns of leaves under different
combine of water and fertilizer cultivation for several
consecutive months by RNA-seq. Together with growth
and the activity of enzymes related to carbon and nitro-
gen metabolism, to reveal the effects of precision water
and fertilizer-intensive management on gene expression
to identify the core related genes. This will provide a ref-
erence basis for the proposal of highly efficient precision
intensive management to achieve the optimal expression
of the target genes.

Materials and methods

Site description and sampling

The experiment site is located in Yufa Town Forestry
farm, Daxing District, Beijing, China, which belongs
to the warm-temperate semi-humid continental mon-
soon climate. The region experiences an average annual
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sunshine duration of 2620.4 h, with an average annual
temperature of 11.6 °C. Winters are characterized by an
average temperature of -2.3 °C, while summers see an
average temperature of 25.1 °C. Annual precipitation
averages 552.9 mm, and evaporation ranges between
1800 and 2000 mm annually. The frost-free period spans
180-200 days each year. The soil in the experiment site
is sandy soil alluvial from the old course of the Yongding
River. The soil profile investigation shows that there is
no obvious humus layer from the surface down to 1.2 m,
with uniform texture of fine sand, poor comprehensive
soil fertility, and low productivity.

Eleven-year-old Populus x euramericana 'Neva' were
used as experimental materials. The plantation had a row
spacing of 3 m X 5 m and was growing normally without
pests or diseases. Two irrigation methods, three fertiliza-
tion conditions, and two fertilization gradients were set
up in the experiment. There are a total of 7 types of water
and fertilizer treatments: no fertilization conventional
irrigation (CK), no fertilization drip irrigation (ND),
water and fertilizer coupling: controlled release fertilizer
drip irrigation (CD, drip -fertilizer combine), water-sol-
uble fertilizer drip irrigation (M1D, M2D, drip-fertilizer
integration), formula fertilizer drip irrigation (F1D, F2D,
drip-fertilizer with trace element integration). The fertil-
ization rates under CD, M1D, M2D, F1D and F2D treat-
ments were approximately 3:1:2 for the ratio of N, P,
and K(The fertilizer formulas employed in the study are
detailed in Table S1). Conventional irrigation is imple-
mented three times annually, whereas drip irrigation is
administered a total of 15 times throughout the year. Dif-
ferent irrigation methods ensure consistent soil moisture
content at the same soil depth. Combining water-soluble
fertilizer and formula fertilizer with drip irrigation, open-
ing the fertilization system, and fertilizing with water;
Controlled release fertilizer will be applied in one go in
May.

Before sampling, 5 standard plants were selected for
positioning in each treatment group, and side trees
were removed. In mid-May (before fertilization), mid-
July, mid-August, and mid-September, 3—4 pieces of
functional leaves of the current year’s branches grow-
ing southward in the top 1/3 of the trees on each stan-
dard plant were collected, immediately placed in liquid
nitrogen for quick-freezing and then stored at -80 °C in
a freezer. 5 biological replicates were set up for the deter-
mination of physiological indicators, totaling 140 sam-
ples; 3 biological replicates were set up for transcriptome
sequencing, totaling 84 samples.

Determination of physiological indicators

The activities of nitrate reductase (NR), glutamate dehy-
drogenase (GDH), glutamate synthase (GOGAT), ribu-
lose bisphosphate carboxylase/oxygenase (Rubisco),
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fructose-1,6-bisphosphate aldolase (FBA) and the con-
tents of soluble sugar (SS) and chlorophyll (Chl) in poplar
leaves were determined using a micromethod. For details
on the assay method, refer to the corresponding product
instructions on the Solarbio website (https://www.solar-
bio.com/index.php).

RNA extraction, cDNA library construction, and RNA

sequencing
Total RNA was extracted using TRIzol Reagent
(Invitrogen, USA) according to the manufactur-

er's protocol. RNA purity was checked using the
kaiaoK5500°Spectrophotometer (Kaiao, Beijing, China),
RNA integrity and concentration were assessed using
the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, CA, USA), transcriptome
sequencing libraries were constructed after the samples
were tested and approved. Transcriptome sequencing
libraries were constructed according to the instructions
of the NEBNext Ultra RNA Library Prep Kit for Illumina
(#E7530L, NEB, USA). Sequencing was performed with
the Ilumina NovaSeq 6000 (Illumina, USA) platform
with the sequencing strategy PE150. Raw reads from Illu-
mina platform flat sequencing are processed to obtain
high-quality sequences (Clean Reads) by removing low-
quality sequences, decontaminating junctions, etc., and
calculating Q20, Q30, and GC content of the Clean Data.
The Eukaryotic Transcriptome (with reference genome)
Sequencing was realized by Annoroad Gene Technology
Co., Ltd (Beijing, China).

RNA-Seq data processing and analysis

Bowtie2 v2.2.3 was used for building the genome index
and then Clean Data was compared to the Populus del-
toides genome database (https://phytozome-next.jgi.doe.
gov/info/PdeltoidesWV94_v2_1) by HISAT2 v2.1.0 [23].
Reads Count for each gene in each sample was counted
by HTSeq v0.6.0, and FPKM (Fragments Per Kilobase
Millon Mapped Reads) was then calculated to estimate
the expression level of genes in each sample [24]. Genes
with ¢<0.05 and |log2_ratio| > 1 are identified as DEGs
[25]. Gene Ontology (GO) and KEGG (Kyoto Encyclope-
dia of Genes and Genomes) enrichment analysis of DEGs
was performed using the OmicShare tools (https://www.
omicshare.com/tools) and Weighted correlation network
analysis(WGCNA) analysis using the OE Cloud tool
(https://cloud.oebiotech.com).

Quantitative real-time PCR verification

To verify the reliability of the RNA-seq results, 11 ran-
domly selected genes were analyzed at the gene expres-
sion level. Quantitative real-time PCR (qRT-PCR) was
performed using a Light Cycler 480 Instrument II system
(Roche, Switzerland) and analyzed with SYBR Premix Ex
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Taq II (Takara) using the following parameters: 95 °C for
30s, 40 cycles of 95 °C for 5s and 60 °C for 30s, followed
by 95 °C for 5s, 60 °C for 1 min, and 95 °C with continu-
ous acquisition mode at per 5 °C, with a final extension
at 50 °C for 30s. The assay was repeated three times per
sample after mixing. Actin (OX637672.1) was used as
an internal reference gene. Gene-specific primers were
designed (Table S2). The relative expression of genes was
calculated using the 2742t [26].

Results

Impact of precision water and fertilizer-intensive
management on physiological and biochemical indicators
of poplar

To investigate the effects of precision water and fertil-
izer-intensive management on the physiological and
biochemical indicators of poplar, the activities of fruc-
tose-1,6-bisphosphate aldolase (FBA), glutamate dehy-
drogenase (GDH), glutamate synthase (GOGAT), nitrate
reductase (NR), ribulose bisphosphate carboxylase/oxy-
genase (Rubisco), as well as the content of soluble sugar
(SS) and chlorophyll (Chl) in poplar leaves were measured
under different water and fertilizer treatments (CK, ND,
CD, M1D, M2D, F1D, and F2D). The findings revealed
that the alterations in FBA, GDH, GOGAT, NR, Rubisco
activity, and SS content exhibited similar patterns under
distinct water and fertilizer treatments (Fig. 1). Com-
pared with CK, the activity of GOGAT, NR, and SS con-
tent under ND increased by 1.04, 1.10, and 1.02 times in
July, respectively. In August, the GDH activity under ND
was 1.03 times that of CK. In September, the activity of
Rubisco under ND increased by 1.05 times. These above
results indicated that although various physiological and
biochemical indicators under ND increased compared to
CK, the differences were not significant. Compared with
ND, the activities of GDH, GOGAT, NR, Rubisco, and SS
content increased by 16.95 — 46.09% under CD treatment
in August. M1D increased the activities of FBA, GDH,
GOGAT, NR, Rubisco, and SS content by 18.99 — 42.55%
in July, August, and September. In September, the activi-
ties of FBA, GDH, GOGAT, NR, Rubisco, and SS content
under M2D and F1D treatments were approximately
1.30-2.32 times and 1.39-2.20 times that of ND, respec-
tively. The activities of FBA, GDH, GOGAT, NR, Rubisco,
and SS content under F2D treatment increased by 11.76
— 46.94% and 23.81 — 61.95% in July and September,
respectively. These findings suggest a significant increase
in all the aforementioned physiological and biochemical
indicators of poplars under water-fertilizer coupling (CD,
M1D, M2D, F1D, and F2D) compared to ND. Comparing
the differences between the same treatment in different
months, it was found that various physiological and bio-
chemical indicators after water and fertilizer treatment
(July, August, and September) significantly increased
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Fig. 1 Measurement of physiological and biochemical indicators of poplar leaves under different water and fertilizer treatments and months. a FBA activ-
ity. b Rubisco activity. € SS content. d Chl content. e NR activity. f GDH activity. g GOGAT activity. The error bar represents the standard deviation (n=3).
Capital letters indicate significance between months for the same treatment, lowercase letters indicate significance between treatments for the same

month, and different letters indicate significant differences (P <0.05)

compared to those before treatment (May). Compared
with May, the activity of FBA in ND treatment increased
by 1.1 times in July, August, and September; the activity
of GDH increased by 1.1 times and 1.68 times under ND
and M1D, respectively; the activity of GOGAT increased
by about 18.76% and 32.92% in CD and F1D; the activity
of Rubisco increased by 1.45-1.74 times and 2.14-2.78
times under M1D and F2D treatments, respectively; the

content of SS increased by about 27.52%, 15.70%, and
24.08% under ND, CD, and M1D, respectively. Addition-
ally, there was no discernible change pattern in the chlo-
rophyll (Chl) content, but in August and September, the
Chl content significantly increased under F1D and F2D,
rising by 21.61-53.98% compared with ND. In summary,
we believe that different irrigation methods have a rela-
tively small impact on the physiological and biochemical
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indicators of poplar, but the coupling of water and fertil-
izer significantly increases physiological and biochemical
indicators such as photosynthesis and nitrogen metabo-
lism-related enzyme activity compared to drip irrigation,
indicating that nutrient addition may be the main factor
affecting the physiological and biochemical character-
istics of poplar; The Chl content showed a significant
increase in drip fertilization with trace element integra-
tion, indicating that the addition of trace elements may
promote the increase of Chl content.

Global analysis of RNA-Seq

To clarify the gene expression pattern of poplar planta-
tion leaves under precision water and fertilizer manage-
ment, RNA-seq analysis was performed, and a total of
about 521.5 G clean data were obtained, with an average
of about 6 G clean reads per sample, the percentage of
Q30 was above 88%, and the GC contents were all around
45%, and the clean reads were compared to the Pdeltoi-
desW'V94_v2_1 reference genome, the matching rate per
sample was above 82%, with the unique matching rate
above 70% (Table S4). The FPKM method was employed
for the quantitative estimation of gene expression values,
revealing a total of 29,763 genes expressed in at least one
sample (Table S5). The Pearson correlation coefficient
(Fig. S1) was employed to assess the correlation between
the biological replicates of each sample. The Pearson cor-
relation coefficient between the biological repeats ranged
from 0.90 to 0.99, indicating the high reliability of the
RNA-seq data.

Differentially expressed genes and patterns under
precision water and fertilizer-intensive management
Using | log2Fold change | = 1, q<0.05 as the screening
threshold, perform DEGs analysis (Table 1). The number
of DEGs was significantly higher in September (2344—
5943) than in May, July, and August (1-222), indicat-
ing that genes may strongly respond to precision water

Table 1 Number of DEGs under precision water and fertilizer-
intensive management

May July August September
ND vs. CK 938 379 219 5943
CDvs.ND 1194 237 222 5011
M1D vs.ND 65 156 94 2344
M2D vs. ND 2 636 55 2405
F1D vs.ND 130 73 1 3472
F2D vs.ND 128 108 Il 3548
F2Dvs. F1D 26 5 122 4
M2D vs. M1D 0 116 13 16
F1Dvs.CD 177 2 71 191
F1D vs.M1D 14 40 193 143
F2D vs. M2D 0 0 0 247
M1D vs.CD 195 42 87 1314
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and fertilizer-intensive management in September. The
number of DEGs for the same fertilizer under different
fertilization gradients (M1D and M2D, F1D and F2D) is
4-16, indicating that the study set fertilization gradients
to regulate gene expression weakly. Therefore, we only
conducted differential expression analysis on the genes
of CK, ND, CD, MD (non-gradient water-soluble fertil-
izer), and FD (non-gradient formula fertilizer) treatments
(Fig. 2a). A total of 6259 DEGs (1365 up-regulated and
4894 down-regulated) were identified in ND vs. CK, sug-
gesting that drip irrigation may negatively regulate the
expression of genes. In CD vs. ND, MD vs. ND, and FD
vs. ND, there were 5443, 2761, and 4116 DEGs, respec-
tively. The trends of gene expression were consistent
across the three different water and fertilization treat-
ments, with the DEGs being predominantly up-regulated
in expression, compared to drip irrigation alone. In MD
vs. CD (1190 DEGs; 355 up-regulated, 835 down-regu-
lated), FD vs. CD (129 DEGs, 81 up-regulated, 48 down-
regulated), and FD vs. MD (254 DEGs, 179 up-regulated,
75 down-regulated), the changes in gene expression were
also observed.

To analyze the co-expressed and specific genes under
different treatments, a Venn analysis was performed.
There were 1554 specifically DEGs in ND vs. CK with
342 up-regulated DEGs and 1212 down-regulated DEGs,
which might be mainly down-regulated by drip irriga-
tion. 2059 DEGs were co-expressed in ND vs. CK, CD
vs. ND, MD vs. ND, and FD vs. ND (1607 up-regulated,
452 down-regulated under water-fertilizer coupling) four
comparison groups, which might be mainly up-regulated
by water and fertilizer treatment. 202 DEGs were co-
expressed in CD vs. ND, MD vs. ND, and FD vs. ND (125
up-regulated, 77 down-regulated), which suggests these
genes may be positively regulated by nutrients (Fig. 2b).
In addition, we found that some DEGs were affected by
different water and fertilizer treatment methods (Fig. 2c),
among which 1065 DEGs (294 up-regulated, 771 down-
regulated in MD vs. CD) were regulated by drip-fertilizer
integration, 129 DEGs (115 up-regulated, 14 down-regu-
lated in FD vs. MD) might be regulated by trace elements.

Function annotation of the DEGs

To categorize the functional roles of DEGs, a GO analy-
sis was conducted, classifying the DEGs based on their
involvement in biological processes (BP), cellular com-
ponents (CC), and molecular functions (MF). Genes
in the biological process were enriched in the richest
variety and number, and there were some unique GO
terms (Fig. 3). DEGs regulated by drip irrigation were
highly enriched in the plant cell wall and in the GO
term occurring in the plant cell wall; in terms of MEF,
significant enrichment was observed in functions such
as various enzyme activity and "FMN binding" (Fig. 3a).
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Fig. 2 The number of DEGs and Venn diagram in different comparison groups in September. a The number of up- and down-regulated DEGs in different
comparison groups in September. b Venn diagram of DEGs between ND vs. CK, CD vs. ND, MD vs. ND, and FD vs. ND. ¢ Venn diagram of DEGs between
MD vs. CD, FD vs. MD, and FD vs. CD. The red arrow indicates up-regulation of gene expression, while the blue arrow indicates down-regulation of gene

expression

Fertilizer-regulated DEGs were mainly enriched in BP
such as "cell growth", "protein folding", and "response
to heat"; in cellular components, they were significantly
enriched in CC such as "amyloplasts" and "mitochon-
drial intermembrane space"; and in MF, more DEGs were
enriched in "heme binding" and “tetrapyrrole binding"
(Fig. 3b). DEGs regulated under drip-fertilizer integration
were notably enriched in various BPs, including "RNA
modification" and "chemical homeostasis". In terms of
CC, the primary enrichment was observed in "chloro-
plast nucleoid” and "plastid nucleoid". Regarding MEF,
the DEGs showed significant enrichment in functions
such as "inorganic anion exchanger activity" and "glucose
transmembrane transporter activity" (Fig. 3c). The GO
terms that were significantly enriched in DEGs regulated
by trace elements included various secondary metabolic
processes, in terms of CC, they were mainly enriched
in the "apoplast” (Fig. 3d). DEGs regulated by water and

fertilizer treatment were significantly enriched in BP
such as "ribosome biogenesis" and "rRNA processing",
and were also enriched in components such as "mito-
chondrion" and "cytoskeleton” and molecular function
such as "mitochondrial ribosome binding" and "snoRNA
binding" (Fig. 3e).

KEGG pathway analysis was used to further under-
stand the biological functions of DEGs identified under
precision water and fertilizer-intensive management
(Fig. 4). The results indicated that common KEGG
pathways affected by different water and fertilizer treat-
ments included carbohydrate metabolic processes such
as "fructose and mannose metabolism" and "starch and
sucrose metabolism". In addition, there are some specific
KEGG pathways, DEGs regulated by nutrients are highly
enriched in "plant hormone transduction signaling” and
"nitrogen metabolism"; DEGs regulated by trace ele-
ments are more enriched in "flavonoid biosynthesis" and



Wang et al. BMC Plant Biology (2024) 24:759

a

response to oxidative stress
response to metal ion
polysaccharide biosynthetic process
fatty acid biosynthetic process:
plant-type cell wall biogenesis-
carbohydrate biosynthetic process:
cellular polysaccharide metabolic proc...
cell wall biogenesis

fatty acid metabolic process

plant-type cell wall organization or bio...
peroxisome {

organelle inner membrane {

chloroplast membrane {

anchored component of membrane {
cytoskeletal part:

plastid membrane {

trans-Golgi network

intrinsic component of plasma membr...
plant-type cell wall

apoplast:
secondary active transmembrane tran...

monooxygenase activity
UDP-glycosyltransferase activity
“transferase activity, transferring hexo...
"oxidoreductase activity, acting on pair..
“transferase activity, transferring acyl ...
heme binding
"hydrolase activity, hydrolyzing O-glyc...
tetrapyrrole binding

lyase acﬁvityo

Juauodwo) Jejn|ie)

0T FEINIeD.

10 20 30 40 50
Number of DEGs

d

flavonoid metabolic process

flavonoid biosynthetic process
terpenoid metabolic process

terpenoid biosynthetic process
secondary metabolite biosynthetic pro...
phenylpropanoid metabolic process:
phenylpropanoid biosynthetic process
secondary metabolic process
isoprenoid metabolic process:

isoprenoid biosynthetic process
thylakoid membrane {

photosynthetic membrane {

plastid thylakoid membrane {

chloroplast thylakoid membrane {
plant-type cell wall

secretory vesicle

intrinsic component of plasma membr..
anchored component of membrane {
anchored component of plasma memb...
apoplast:

terpene synthase activity
"4,8,12-trimethyltrideca-1,3,7,11-tetr...
"oxidoreductase activity, acting on pair....1
iron ion binding:

carbon-oxygen lyase activity:

lyase activity

monooxygenase activity:

tetrapyrrole binding

heme binding

"oxidoreductase activity, acting on pair...

UBUGdW0D JENIED

0 3 12

6 9
Number of DEGs

e

RNA modification

chloroplast organization
response to water

response to water deprivation
plastid organization:

rRNA metabolic process
TRNA processing

NncRNA processing

ribosome biogenesis:
microtubule {

organelle inner membrane {
‘supramolecular complex
supramolecular fiber
supramolecular polymer-
microtubule cytoskeleton{
preribosome{
mitochondrial membrane {

part

rRNA binding

cytoskeletal protein binding

nucleoside binding

"hydrolase activity, hydrolyzing O-glyc...
"transferase activity, transferring acyl ...
methyltransferase activity

"transferase activity, transferring one-...
structural constituent of ribosome:

"transferase activity, transferring hexo....
0 30 60 90 120
Number of DEGs

oligosaccharide metabolic process:
response to gravity:

gravitropism

cell morphogenesis:

carbohydrate biosynthetic process
hormone metabolic process

plant epidermis development:
response to heat:

protein folding

cell growth

apoplast

‘mitochondrial inner membrane {

nuclear body
chromatin

plant-type vacuole membrane {
organelle inner membrane {

chromosomal part:

plant-type vacuole

mitochondrial membrane
glucosyltransferase activity:

flavin adenine dinucleotide binding
FAD binding

carbohydrate binding
monooxygenase activity

unfolded protein binding
"oxidoreductase activity, acting on pair...
iron ion binding:

tetrapyrrole binding

heme binding

L

&

0.0 25 5.0 75

response to water deprivation
organophosphate biosynthetic process
carbohydrate biosynthetic process:
response to metal ion

cofactor biosynthetic process:
chloroplast organization:

plastid organization

coenzyme metabolic process:

chemical homeostasis

RNA modification

chloroplast membrane

supramolecular complex:
supramolecular fiber

‘supramolecular polymer:

polymeric cytoskeletal fiber

microtubule

thylakoid part

cytoskeletal part

microtubule cytoskeleton

intrinsic component of plasma membr...
cytoskeletal protein binding

cation transmembrane transporter acti...
“transferase activity, transferring hexo...
iron ion binding

carbohydrate binding

"oxidoreductase activity, acting on pair...
Iyase activity

"hydrolase activity, hydrolyzing O-glyc...
"transferase activity, transferring acyl ...
secondary active transmembrane tran...

Number of DEGs

_

TBUGdWIOD JenieD

o
ol
i
2
S
o
3

Number of DEGs

Page 8 of 22

Fig.3 GO enrichment analysis of DEGs regulated by different treatments. Bars of different colors indicate different Categories. a The enriched GO terms of
genes regulated by drip irrigation. b The enriched GO terms of genes regulated by fertilizers. ¢ The enriched GO terms of genes regulated by drip-fertilizer
integration. d The enriched GO terms of genes regulated by trace elements. e The enriched GO terms of genes regulated by water and fertilizer treatment
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Fig. 4 Top 10 pathways of KEGG enrichment analysis of DEGs regulated by different treatments. The bar with different colors represents the DEGs regu-

lated by different water and fertilization treatments

"a-linolenic acid metabolism" and other pathways; DEGs
significantly enriched in the pathways regulated by water
and fertilizer treatment are mainly involved in the pro-
cessing of genetic information, secondary metabolites,
and nucleotide metabolism, including "Ribosome biogen-
esis in eukaryotes", "Flavonoid biosynthesis", etc.

DEGs related to photosynthesis

Photosynthesis, one of the fundamental biological pro-
cesses in higher plants, plays a crucial role in convert-
ing the pure energy of light into the biochemical energy
essential for life through a series of reactions [27]. We
found 15 DEGs related to photosynthesis (Fig. 5), the
important constitutive proteins in photosystem II PsbR
(photosystem II 10 kDa protein, Podel.01G460200 and
Podel.11G139400) and PsbC (photosystem II CP43
chlorophyll apoprotein, the Podel.13G173700), PsaN
(photosystem I subunit PsaN, Podel.05G068900), an
important constituent protein, and PetF (ferredoxin,
Podel.05G068900), photosynthetic electron transport
(Podel.04G224200) genes had similar expression trends,
and they were both up-regulated in ND vs. CK and
MD vs. CD and down-regulated in CD vs. ND, MD vs.
ND, and FD vs. ND. On the other hand, the expression
of PsaK (photosystem I subunit X, Podel.18G027500)

in photosystem I was up-regulated in CD vs. ND, MD
vs. ND, and FD vs. ND and FD vs. MD. In addition we
found some genes of light-harvesting antenna com-
plex (LHC), LHCA1 (Chlorophyll a-b binding pro-
tein 6, Podel.08G050100 and Podel.10G226100) in
LHC I, LHCA4 (Chlorophyll a-b binding protein 4,
Podel. 15G064400), and LHCB1 (Chlorophyll a-b binding
protein 40, Podel.11G078800), LHCB3 (Chlorophyll a-b
binding protein 13, Podel.01G437500), LHCB4 (Chloro-
phyll a-b binding protein CP29.2, Podel.06G108400 and
Podel.16G120900), LHCB6 (Chlorophyll a-b binding pro-
tein CP24 10 A. Podel.01G220400 and Podel.03G026000)
were all up-regulated in CD vs. ND, MD vs. ND, FD vs.
ND, and FD vs. MD, and down-regulated in ND vs. CK
and MD vs. CD.

Thus, it is clear that the gene expression of precision
water and fertilizer-intensive management has a signifi-
cant role in regulating photosynthesis. The expression
of related genes in the photosystem was up-regulated
under drip irrigation and drip-fertilizer integration, so
we hypothesized that these two treatments could drive
photosynthesis and electron transfer reactions in poplar.
Fertilization and addition of trace elements then up-reg-
ulated the expression of related genes in photosynthetic
antenna proteins, indicating that the addition of fertilizer
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and trace elements facilitates the capture and utilization
of light energy by poplar.

DEGs related to nitrogen metabolism

Nitrogen metabolism refers to the whole process of
uptake, assimilation, and utilization of nitrogen in
plants, and is one of the basic metabolic pathways
in plants [21]. Based on the functional annotation
results, we found that 3 genes encoding NRT (Nitrate
transporter, Podel.03G118100, Podel.12G073800 and
Podel.14G167600) were significantly differentially
expressed in ND vs. CK and CD vs. ND, MD vs. ND
and FD vs. ND; the genes encoding NR (Nitrate reduc-
tase, Podel.02G096300) and GS (Glutamine synthe-
tase, Podel.17G139700) were significantly differentially
expressed in CD vs. ND and MD vs. ND and FD vs. ND.

The genes for glutamine synthetase (GS) and nitrate
reductase (NR) were found to be significantly differen-
tially expressed in CD vs. ND, MD vs. ND, and FD vs. ND.
Based on the significant regulation of these five genes by
varying water and fertilizer treatments, we hypothesized
that they are important for nitrogen metabolism (Fig. 6).
NRTs were up-regulated in ND vs. CK and MD vs. CD
expression and down-regulated in CD vs. ND, MD vs.
ND, FD vs. ND, and FD vs. MD expression; and GS was
up-regulated in CD vs. ND, MD vs. ND, and FD vs. ND
expression and down-regulated in ND vs. CK, MD vs.
CD, and FD vs. MD expression. It can be seen that the
expression of genes related to the nitrogen metabolism
process under drip irrigation and water-fertilizer cou-
pling treatments had opposite regulation patterns and
affected nitrate transport by regulating the expression of
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Fig. 6 Expression of DEGs related to nitrogen metabolism

NRT, NR, and GS were significantly up-regulated under
water-fertilizer coupling treatment, which indicated that
water-fertilizer coupling could effectively promote the
process of nitrogen uptake.

DEGs related to plant hormone signal transduction

Plants have developed multiple mechanisms and complex
signaling networks during their long-term evolution-
ary process to rapidly sense the external environment
and regulate gene expression to adjust their growth and
development, as well as to adapt to, resist, and tolerate
various biotic and abiotic stresses [28]. Therefore, we
analyzed the role of a total of 11 DEGs in plant hormone
signal transduction (Fig. 7).

In the auxin signaling pathway, we found that
genes encoding ARF (auxin response factor,
Podel.11G054200), GH3 (auxin responsive GH3 gene
family, Podel.09G095400), and SAUR (SAUR family pro-
tein, Podel.15G006700) were down-regulated in ND vs.
CK comparison group, up-regulated in CD vs. ND, MD
vs. ND, and FD vs. ND comparison groups, but the dif-
ferential expression between MD vs. CD and FD vs.
MD was not significant, indicating that fertilizer addi-
tion may be an important factor in enhancing the auxin
signal transduction process; genes encoding AUX/
IAA (auxin/indole-3-acetic acid, Podel.08G185600 and
Podel.05G230900) were up-regulated in ND vs. CK and
MD vs. CD comparison groups, down-regulated in CD

NOs%NOz NHa4 $eseEs
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vs. ND, MD vs. ND, and FD vs. ND, indicating that drip
irrigation and drip-fertilizer integration may be beneficial
to AUX/IAA expression.

In the brassinosteroid (BR) signaling pathway, we
found that the expression trends of BSK (BR-signal-
ing kinase, Podel.01G257100) and CYCD3 (cyclin D3,
Podel.14G022600 and Podel.07G056700) were consis-
tent, both down-regulating expression in ND vs. CK and
MD vs. CD, and up-regulating expression in CD vs. ND,
MD vs. ND, FD vs. ND, and FD vs. MD, indicating that
the addition of fertilizer and trace elements may be ben-
eficial to poplar’s response to BR signaling.

In the Cytokinin (CTK) signaling pathway, the expres-
sion of AHP (histidine-containing phosphotransfer
protein, Podel.13G028500), B-ARR (two-component
response regulator ARR-B family, Podel.02G169600 and
Podel.06G276700) is consistent in CD vs. ND, MD vs.
ND, FD vs. ND, and FD vs. MD, with up-regulation, while
down-regulated in ND vs. CK and MD vs. CD, indicating
that the CTK signaling pathway may be positively regu-
lated by fertilizer and trace elements.

WGCNA analysis for mining hub genes associated with
growth traits

To mine genes related to growth and other important
traits, we used a total of 29,762 genes expressed in pop-
lar leaves under different water and fertilizer treatments,
combined with physiological indicators such as growth,
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Fig. 7 Expression of DEGs related to plant hormone signal transduction

photosynthesis, and nitrogen metabolism-related enzyme
activity, to perform WGCNA analysis [29] (Fig. 8). The
median genes with standard deviation (SD)<0.05 were
screened to eliminate genes with low expression varia-
tion, resulting in 3,984 genes. Highly related gene groups
are categorized as a single module, and functionally
equivalent genes typically exhibit the same expression
trend when the module’s lower limit is set to 30 and the
sensitivity of module formation to 26. Through pairwise
correlation evaluation, these genes were divided into nine
co-expression modules, with each highly correlated gene
group corresponding to a branch of the tree (Fig. 8a and
b). Within the same module, there is often a high degree
of topological overlap between genes, and these modules
can be clustered into two highly interconnected clusters.
Among all modules, the three modules with the largest
number of characteristic genes are black module (1509
genes), blue module (1482 genes) and steelblue mod-
ule (495 genes), while the three modules with the few-
est characteristic genes are orange module (50 genes),
sienna3 module (55 genes) and skyblue3 module (57
genes) (Fig. 8c). To identify co-expression modules highly
correlated with growth traits, Pearson correlation analy-
sis was used to calculate the correlation coefficient and
p-value between module feature genes and traits. Mod-
ules associated with FBA, GDH, GOGAT, NR, Rubisco
activity, SS content, and DBH were screened using |r|
2 0.3 and P<0.05 as thresholds. The steelblue module
and black module were significantly positively corre-
lated (0.68<r<0.81) and negatively correlated (-0.79<r
< -0.66), respectively, with the activity of FBA, GDH,
GOGAT, NR, Rubisco, and SS content, while the darked
module was only significantly positively correlated with

DBH (r=0.54) (Fig. 8d). Thus, with careful water and
fertilizer management, it is hypothesized that the genes
in the steelblue and black modules may be genes that
down-regulate markers like photosynthesis and nitro-
gen metabolism enzyme activity. To explain the regula-
tory effects on growth traits for genes in the steelblue and
black modules, further annotation was conducted using
GO and KEGG enrichment analysis (Fig. 9). The enrich-
ment results showed that the genes in the steelblue mod-
ule mainly involved in the "sulfur compound metabolism"
process, "glutathione metabolism", and cellular modi-
fied amino acid metabolic process, and participated in
pathways such as "nitrogen metabolism" and "carbon
fixation in photosynthetic organisms" (Fig. 9a and c).
The majority of the black module’s genes are involved
in "photosynthesis”, "cell wall biogenesis", "light harvest-
ing in photosystem I", "carbohydrate biosynthesis", and
pathways like "photosynthesis - antenna proteins" (Fig. 9b
and d). The transcription factor (TF) annotation results
showed that the characterized genes in the steelblue and
black modules included 256 and 736 TFs, respectively,
which accounted for 49.50% of the total number of char-
acterized genes and involved 53 gene families (Table S6).
The most abundant TF families in the steelblue module
are Dof and Whirly, and in the black module are bHLH.
According to previous reports, multiple homologs of
these TFs are involved in some processes such as car-
bon and nitrogen metabolism, growth and development,
and response to adversity in plants [30-32]. Therefore,
we postulated that precision water and fertilizer man-
agement might regulate poplar growth by regulating the
expression of related genes involved in processes such
as carbon and nitrogen metabolism. This, in turn, could
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lead to alterations in the activity of enzymes related to
photosynthesis and nitrogen metabolism.

To further explore the genes for precision water and
fertilizer regulation, the co-expression network was con-
structed for the genes with the top 50 weights in the
steelblue and black modules. A total of 613 pairs of lin-
ear pairs were obtained (Table S7), and imported into
Cytoscape 3.9.0 software for visualization (Fig. 10, Table
S8). Five and four genes exhibiting the highest connectiv-
ity were chosen as hub genes, respectively (Fig. 10a.b).
The hub genes within the steelblue module displayed up-
regulation in response to both drip irrigation and water-
fertilizer coupling. During water and fertilizer coupling
treatment, gene expression was mainly down-regulated
(Podel.12G072900, Podel.03G089000, and Podel.19G059800

were down-regulated, while Podel.02G006000 and
Podel. 15G149800 were up-regulated). Under the addition of
trace elements, gene expression was mainly down-regulated
(Podel.03G089000, Podel.02G006000, Podel.19G059800,
and Podel.15G149800 were all down-regulated) (Fig. 10c).
The hub genes of the black module were all down-regulated
by drip irrigation (Podel.13G008600, Podel.01G430600, and
Podel. 10G106600 were significantly downregulated), and
were up-regulated when trace elements were added. The
gene expression trend is similar during water and fertilizer
coupling, mostly up-regulated, while the expression trend
is exactly opposite under water and fertilizer integration
(Podel.17G114400, Podel. 13G008600, and Podel.01G430600
are up-regulated in water and fertilizer coupling, and down-
regulated in water and fertilizer integration). Functional
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annotation results indicated that these hub genes included
Podel.12G072900 (ABC transporter A family member
7, Nin-like), Podel.03G089000 (Beta-amylase 3, BESI1),
Podel.02G006000 (Monosaccharide-sensing protein 2),
Podel.19G059800 (Taxadiene 5-alpha hydroxylase, B3),
Podel.15G149800 (Protein DETOXIFICATION 35, ERF).
Podel.17G114400 (Protein GLUTAMINE DUMPER 3),
Podel.13G008600 (Protein of unknown function, DUF538),
Podel.01G430600 (COP1l-interacting protein 7) and
Podel. 10G106600 (Plasmodesmata-located protein 6, B3)
(Table 2), which are hypothesized to be closely related to
nutrient uptake and translocation in poplar.

gRT-PCR validation

To verify the accuracy of the RNA-seq results, we ran-
domly selected 11 genes for qRT-PCR to detect the
expression levels of genes in poplar leaves, and the results
showed that the expression trends of these 11 genes were

consistent with the results of RNA sequencing, indicating
that transcriptome sequencing data were reliable in this
study (Fig. 11).

Discussion

Precision water and fertilizer-intensive management
regulates the physiological characteristics of poplar

It has been shown that proper nitrogen fertilization can
increase N uptake and utilization efficiency, by enhanc-
ing the activities of enzymes related to N metabolism,
such as NR, NiR, GS, and GOGAT, and promote crop
growth [33]. After 3 months of continuous observation
of physiological indicators of poplar plantation, such as
Rubisco, FBA, NR, GDH, and GOGAT activities, as well
as SS and Chl contents of leaf tissues, under different pre-
cision water and fertilizer combines of intensive manage-
ment. We found that drip irrigation has no significant
impact on various physiological indicators, compared
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Fig. 10 Co-expression networks and expression heatmap of hub genes. a steelblue module network. b black module network. ¢ Heatmap of hub genes
expression in steelblue module. d Heatmap of hub gene expression in the black module. The darker the node color, the higher the connectivity between
the genes in the module. Triangles indicate transcription factors, and circles indicate structural genes

Table 2 Functional annotation of hub genes in the steelblue and black modules

Modules Geneid Arabidopsis Orthologs Description TF(Reference Species) Orthologs

Steelblue Podel.12G072900 AT3G47780 ABC transporter A family member 7 Nin-like (Malus domestica) MDP0000265619
Podel.03G089000  AT4G17090 Beta-amylase 3 BEST (Manihot esculenta)  cassava4.1_002728m
Podel.02G006000  AT4G35300 Monosaccharide-sensing protein 2 - -
Podel.19G059800  AT5G36110 Taxadiene 5-alpha hydroxylase B3 (Theobroma cacao) Thecc1EG000515t1
Podel.15G149800 AT4G25640 Protein DETOXIFICATION 35 ERF (Triticum urartu) EMS59827

Black Podel.17G114400  AT4G25760 Protein GLUTAMINE DUMPER 3 - -
Podel.13G008600  AT1G56580 Protein of unknown function, DUF538 - -
Podel.01G430600 AT4G27430 COP1-interacting protein 7 - -
Podel.10G106600  AT2G01660 Plasmodesmata-located protein 6 B3 (Malus domestica) MDP0000685403

with conventional irrigation. However, the combined
water and fertilizer can effectively promote the activi-
ties of photosynthesis- and nitrogen metabolism-related
enzymes, especially under precision drip irrigation and
fertilizer management in September. These results sug-
gest that appropriate water and nutrient management can
promote the photosynthesis and nitrogen metabolism
of poplar, which are beneficial to promote the growth
and productivity of poplar plantations. Yin et al. [34]
found that fertilization could increase the chlorophyll

a/b content, intrinsic efficiency of photosystem II (Fv/
Fm), and net photosynthetic rate of poplar leaves, which
confirmed that fertilization can affect the related charac-
teristics of photosynthesis and nitrogen metabolism in
plants. In addition, we found that the chlorophyll content
of poplar leaves mainly increased in the middle and late
stages of fertilization (mainly in August and September),
particularly in the water-fertilizer integration manage-
ment containing trace elements increased significantly.
Therefore, we hypothesized that the inclusion of Fe, Mn,
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Fig. 11 Quantitative verification of eleven genes in four comparison groups. The x-axis represents 11 randomly selected genes, and the y-axis represents
the log, Fold change value. a, b, ¢, and d indicate gRT-PCR validation results for genes in the ND vs. CK, CD vs. ND, M1D vs. ND, and F1D vs. ND comparison

groups, respectively

and Zn in the fertilizer could enhance chlorophyll syn-
thesis, a hypothesis supported by findings in other crops
such as cabbage (Brassica oleracea var. capitata) and soy-
beans [35, 36].

Expression pattern and functional analysis of DEGs under
precision water and fertilizer-intensive management

The analysis of gene expression patterns under differ-
ent precision water and fertilizer-intensive management
showed that drip irrigation mainly has a negative regula-
tory effect on gene expression of poplar plantation, which
was mainly related to cell wall synthesis, compared with
conventional irrigation. This may be because the regimes
of drip irrigation in this study are developed based on
soil moisture content as an indicator, with more preci-
sion water requirements, which could reduce unneces-
sary water transport activities by down-regulating gene
expression of cell wall synthesis [14, 15, 37]. Compared

with drip irrigation without fertilizer, the gene expres-
sion pattern under different water-fertilizer combi-
nation management was consistent, which is mainly
up-regulation. N, P, and K are the main elements added
to fertilizers, which play an important role in promot-
ing plant growth and productivity [38]. Thus we consider
that nutrient addition may be the main reason for posi-
tive regulated gene expression in our study. Especially,
up-regulated the genes involved in nitrogen metabolism
and carbohydrate metabolism pathways. Studies showed
that the low nitrogen supply could decrease the expres-
sion of photosystem I (PSI) and photosystem II (PSII)
genes [39], and DEGs related to photosynthetic biotic
nitrogen metabolism, carbon fixation, photosynthesis,
starch, and sucrose metabolism, and zeatin synthesis
were up- or down-regulated in rice under the appropri-
ate nutrient conditions [21], indicating that water-fertil-
izer combination management contributes to improving
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nutrient uptake and translocation in poplar. In addition,
a comparison of gene expression patterns under differ-
ent water-fertilizer combination management (water-sol-
uble fertilizer, MD and controlled-release fertilizer, CD)
revealed that water-fertilizer integration may negatively
affect gene expression, such as down-regulated energy
supply-related genes. The amount of fertilizer applied
each time may be different from water-soluble fertilizer
and controlled-release fertilizer. Meanwhile, the applica-
tion of trace elements (FD) up-regulated the expression
of genes participating in secondary metabolic processes
and secondary metabolite synthesis, similar to a study
on thyme (Thymus Vulgaris L.) that, Fe foliar application
increased the yield of secondary metabolites such as thy-
mol oil and p-cymene [40].

Precision water and fertilizer-intensive management
regulates the expression of DEGs in different metabolic
pathways

Photosynthesis

Nitrogen (N) is an important macronutrient that pro-
motes plant carbon metabolism and growth, playing
a crucial role in photosynthesis [35]. In this study, 15
photosynthesis genes were identified. Among these 5
photosystem I/II and photosynthetic electron transport
genes (PsbC, PsbR, Psb28, PsbN, and PsbF), were up-
regulated in comparison to ND vs. CK and MD vs. CD,
suggests that drip irrigation and water-fertilizer inte-
gration management drive photosynthesis and electron
transfer reactions of poplar. Nine DEGs encoding light-
harvesting complex I/II chlorophyll a/b binding proteins
(LHCA/B), which are membrane proteins in plant pho-
tosystem I, play a crucial role in the capture and trans-
fer of energy during photosynthesis [41], up-regulated
under drip-fertilization and drip-fertilization with trace
elements application. In addition, the defects in Lhcb1/2
and Lhcb6, encoding peripheral light-trapping anten-
nae, reduced light absorption [42] and inhibited the rate
of electron transfer of Arabidopsis [43]. Thus, the appli-
cation of nutrients and trace elements in drip irriga-
tion can improve the photosynthesis ability of poplar by
enhancing the capacities of light capture, light transport,
and electron transport. This is confirmed by the signifi-
cant increase in the activity of Rubisco and FBA, the key
enzymes of photosynthesis, in precision water and fertil-
izer-intensive management.

Nitrogen metabolism

The uptake, transport, assimilation, and redistribution
of N are influenced by multiple genes and environmen-
tal factors. NRT can effectively regulate and transport
NO;~, improving nitrogen utilization efficiency [44].
Three NRT genes were up-regulated under drip irriga-
tion alone and water-fertilizer integration (Fig. S2), we
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hypothesized that accurate water supply could effectively
regulate the nitrate uptake of poplar. Nitrate is converted
to Glutamine and Glutamate during primary assimilation
after being absorbed in plants, which are used to synthe-
size other amino acids and nitrogenous compounds [45].
GS and NR are two key nitrogen-assimilating enzymes,
known as important players in the primary assimilation
of nitrate and ammonium nitrogen of plants [46, 47]. One
NR and one GS gene were up-regulated under drip-fer-
tilization and drip-fertilization with trace elements man-
agement. This suggests that nutrients and trace elements
play important roles in enhancing the nitrogen assimila-
tion process of poplar. These results were consistent with
the results of the activities determined by key enzymes of
nitrogen metabolism, and the activities of NR, GDH, and
GOGAT were significantly enhanced under drip-fertil-
izer combined.

Plant hormones

Plant hormones are considered important endogenous
molecules that regulate plant growth, development,
and tolerance to various stresses [22]. Indole-3-acetic
acid (IAA) as an auxin, regulates plant development by
inducing rapid cellular responses and changes in gene
expression [48]. After auxin acts on plants, early auxin-
responsive gene families such as Aux/IAA, GH3, and
SAUR were rapidly induced and their gene expression
was up-regulated, leading to ubiquitination and deg-
radation of Aux/IAA, and activated ARF protein bind-
ing to exogenous promoter elements promotes growth
hormone-responsive genes normalization [49-51]. Five
auxin signal transduction-related genes were identified
and all up-regulated under drip irrigation or drip-fertil-
izer combine management. Besides that, two Aux/IAA
genes were significantly up-regulated in drip-fertilizer
integration compared to CD, and one ARF, GH3, and
SAUR genes were significantly up-regulated under drip-
fertilizer with trace element integration compared to
drip-fertilizer integration. Studies reported that nitrogen-
containing compounds are key factors in the IAA sig-
naling transduction, and N acts as a signaling molecule
inducing the production of growth hormone [52]. BR
BSK and CYCD are key genes in BR signaling. BSK3 plays
a bridging role in the BR signaling cascade from recep-
tors to downstream genes, and it could enhance BR sen-
sitivity and signaling to increase the extent of root under
mild N deficiency [53-55]. CYCD3 as a key target of
cytokinin in its regulation of the cell cycle, could promote
cell division and be activated by BR signal [56, 57]. AHPs,
and the paired response regulators (ARRs) core consist
of a phosphorelay system in cytokinin (CTK) signal-
ing transduction, after CTK perception, Phosphorylated
AHPs phosphorylate type A or type B ARRs to initiate
the expression of CTK-responsive genes [58—60]. One
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BSK, two CYCD3, one AHP, and two B-ARR genes were
all up-regulated under different drip-fertilizer combines
compared to drip irrigation. Above all, we conjecture that
the drip-fertilizer combination or integration manage-
ment benefited to interaction between plant hormones
(IAA, BR, CTK) signal and nitrogen signal [61], and acti-
vated plant hormones signal transduction to regulate
poplar growth.

Analysis of the molecular mechanism of precision water
and fertilizer-intensive management in regulating the
growth of poplar

TFs are crucial regulators in controlling plant metabo-
lism, growth, and development, which can coordinate
nitrogen assimilation, carbon fixation, and growth of
plants, such as rice [62—65]. In this study, two modules
with significant positive (steelblue) or negative (black)
correlations to carbon and nitrogen metabolism indica-
tors were identified, including 992 genes, 49.5% of which
were predicted as TFs, involving a total of 53 gene fami-
lies. Co-expression network reveals nine hub genes were
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significantly up- or down-regulated expression under
different drip fertilizer combines management (Fig. 10).
Five out of them were predicted as TFs (Nin-like pro-
tein (NLP), BRI1-EMS-SUPPRESSOR1 (BES1), B3, and
ethylene-responsive element binding factor (ERF)). It
is reported that NLP7 as a transcription activator and
an intracellular nitrate sensor, is involved in coordinate
transport, hormone signaling transduction, and root-
shoot development [66]. BES1 TF is a key mediator,
connected to the BR signaling under nitrate-deficient
by regulating the NRT in plants [67]. B3 proteins, con-
stituting one of the largest TF families in plants, encom-
pass families such as LAV, RAV, ARF, and REM. These
proteins are primarily associated with signaling pathways
related to hormones, including auxin, ABA, and brassi-
nosteroids [68]. AP2/ERF TFs play important roles in
biological and physiological processes such as hormone
signaling transduction, metabolite regulation, and stress
response [69].

Therefore, we consider that precision drip fertilizer
combined management could regulate the growth by
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activating the coordinated regulatory role of carbon and
nitrogen metabolism (Fig. 12). After precision water and
fertilizer is applied, it can activate the expression of NRT-
related genes to promote nitrate transport, and then
regulate the expression of N-assimilation enzymes such
as NR and GS (Fig. 12b) to increase the activity of NR,
GDH, and GOGAT enzymes (increased by 1.28-2.63
times compared with drip irrigation) (Fig. 12e), as well
as enhance the process of nitrogen assimilation process
to promote nitrogen absorption and utilization finally.
Besides, after absorption, nitrate can activate TFs such
as nitrate sensors, to activate plant hormone signal
transduction (BR, IAA, and CTK), which is beneficial
to regulate the growth of poplars (Fig. 12c). In addition,
amino acids converted from nitrogen assimilation were
transported to organs such as leaves by transport pro-
teins, which supporting the process of photosynthetic
carbon assimilation. These factors could up-regulate the
expression of several key photosynthesis genes (Psbs,
LHCs, Ftshl, Ftsh8), and increase the key enzyme activ-
ity of Rubisco (increased by 1.05-2.68 and 1.46-2.56
times compared with CK and ND, respectively) and FBA
(increased by 1.11-2.09 and 1.12-1.89 times compared
with CK and ND, respectively) enhancing the capabilities
of light capture, light transport, and electron transport
for photosynthesis. Ultimately, promoted the accumula-
tion of photosynthetic products such as soluble sugars
(increased by 0.96-1.34 and 1.12-1.89 times compared
with CK and ND, respectively), thus accelerating poplar
growth.

Under the precision water and fertilizer-intensive man-
agement, the alterations in physiological and biochemi-
cal indicators and gene expression have revealed the
response of poplar’s nitrogen metabolism and photosyn-
thesis to specific water and fertilizer management strat-
egies, offering a scientific foundation for understanding
the impact of these management practices on the physi-
ological and molecular levels of poplars; In conjunction
with phenotype and gene expression data, this research
delves into the relationships between gene expression
and key traits affecting yield in plantations. It identifies
key genes influencing yield-related traits, providing a sci-
entific rationale and reference for developing effective
and precision water and fertilizer management strategies,
optimizing the expression of target genes, and offering
theoretical guidance for enhancing forest production and
management, as well as advancing forestry technology
innovation capabilities and standards.

Conclusion

Precision drip and fertilizer combined management
significantly affects the differential expression of
numerous genes, the key enzyme activity of nitro-
gen assimilation and photosynthesis, as well as the
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accumulation of photosynthetic products in the leaves
of Populus X euramericana plantation. In this study,
precision water and fertilizer combined management
could regulate the expression of core genes and TFs in
multiple biological processes such as carbon and nitro-
gen metabolism, and plant hormone signal transduc-
tion, lead an increase in the activity of key enzymes in
related processes and enhanced nitrogen absorption
and utilization, and photosynthesis capacity, at last
collaborative regulate the growth of poplar. Co-expres-
sion network identified nine hub genes regulated by
precision drip and fertilizer combined management,
which may play a crucial role in regulating the growth
of poplar. These findings serve as a foundational ref-
erence for advocating highly efficient, precision inten-
sive management to achieve the optimal expression of
the target genes.
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NRT Nitrate transporters

NR Nitrate reductase

GS Glutamine synthetase

GDH Glutamate Dehydrogenase

GOGAT Glutamate synthase

SS Soluble sugar

Chl Chlorophyll

AUX/IAA - Auxin-responsive protein IAA

CTK Cytokinin

BR Brassinosteroid

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512870-024-05427-4.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
Not applicable.

Author contributions

Zhou Wang: conducted experiments, analyzed the sequencing data, wrote
the manuscript and performed the sampling and collected the material.
Weixi Zhang: wrote the manuscript, supervised the study, performed the
sampling and collected the material and revised the manuscript. Changjun
Ding: provided ideas for data analysis in this study and revised the manuscript.
Zhengsai Yuan: provided ideas for data analysis in this study. Yongxiu Xia

and Jiangtao Guo: provided the experimental site. Jinjin Yu: performed the
sampling, collected the material and modify manuscript format. Bingyu
Zhang and Xiaohua Su: conceived and designed the research and revised the
manuscript. All authors have read and approved the manuscript.

Funding
This research was funded by the National Key Research and Development
Program of China (2021YFD2201201).


https://doi.org/10.1186/s12870-024-05427-4
https://doi.org/10.1186/s12870-024-05427-4

Wang et al. BMC Plant Biology (2024) 24:759

Data availability

The sequenced clean reads generated in this study have been deposited in
the Genome Sequence Archive [70] in National Genomics Data Center [71],
China National Center for Bioinformation / Beijing Institute of Genomics,
Chinese Academy of Sciences (GSA: CRA015045) that are publicly accessible at
https://ngdc.cncb.ac.cn/gsa.

Declarations

Ethics approval and consent to participate

This study has been approved by the Chinese government and carried out
with the laws of the People’s Republic of China. The experimental material
used in this study have been formally identified by the State Forestry and
Grassland Administration, People’s Republic of China, under the identification
number National R-SC-PE-028-2002, which are publicly accessible at the
National Center for Forestry and Grassland Genetic Resources (http://www.
nfgrp.cn/static/web/r/database_t1,sp), and the study complies with local
and national regulations. The experimental material was collected at Daxing
District Forest plantation, which obtained permission from Daxing District
Forest plantation and Research Institute of Forestry, Chinese Academy of
Forestry for sampling.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

IState Key Laboratory of Tree Genetics and Breeding, Research Institute of
Forestry, Chinese Academy of Forestry, Beijing 100091, China

’Key Laboratory of Tree Breeding and Cultivation of State Forestry
Administration, Research Institute of Forestry, Chinese Academy of
Forestry, Beijing 100091, China

*Experimental Center of Forestry in North China, National Permanent
Scientific Research Base for Warm Temperate Zone Forestry of Jiulong
Mountain in Beijing, Chinese Academy of Forestry, Beijing

100023, PR. China

“Heibei Agricultural University, Baoding 071001, PR. China
5Co-Innovation Center for Sustainable Forestry in Southern China,
Nanjing Forestry University, Nanjing 210037, China

Received: 7 February 2024 / Accepted: 16 July 2024
Published online: 09 August 2024

References

1. Wang Z MallY, Jia ZK, Wei HX, Duan J. Interactive effects of irrigation
and exponential fertilization on nutritional characteristics in Populus x
euramericana cv.'74/76' cuttings in an open-air nursery in Beijing, China.
Journal of Forestry Research. 2016; 27, 569-582. https://doi.org/10.1007/
s11676-015-0203-0.

2. XiBY,LiGD, Bloomberg M, Jia LM. The effects of subsurface irrigation at
different soil water potential thresholds on the growth and transpiration of
Populus tomentosa in the North China Plain. Australian Forestry. 2014;77:159-
67. https://doi.org/10.1080/00049158.2014.920552.

3. LiJS, LiuYC. Water and nitrate distributions as affected by layered-textural
soil and buried dripline depth under subsurface drip fertigation. Irrig Sci.
2011,29(6):469-78. https://doi.org/10.1007/500271-010-0255-z.

4. Khalil MA, Jiang LP, Wang F, Chen S, Zhou XY, Pei XN, et al. Variation
analysis of growth traits of four poplar clones under different water and
fertilizer management. J Forestry Res. 2019;31. https://doi.org/10.1007/
s11676-019-00888-y.

5. Vanden Driessche R, Rude W, Martens L. Effect of fertilization and irriga-
tion on growth of aspen (Populus tremuloides Michx.) Seedlings over three
seasons. For Ecol Manag. 2003;186(1):381-9. https://doi.org/10.1016/
S0378-1127(03)00306-2.

6. Dong WY, Qin JJ, Li JY, Zhao Y, Nie LS, Zhang ZY. Interactions between soil
water content and fertilizer on growth characteristics and biomass yield of

20.

21.

22.

23.

24.

25.

26.

Page 20 of 22

Chinese white poplar (Populus tomentosa Carr.) Seedlings. Soil Sci Plant Nutr.
2011;57:303-12. https://doi.org/10.1080/00380768.2010.549445.

Morgan JA. Interaction of water supply and N in wheat. Plant Physiol.
1984;76(1):112-7. https://doi.org/10.1104/pp.76.1.112.

Fan JC, Liu XJ, Gu SH, Guo XY. Improving nutrient and water use efficien-
cies using water-drip irrigation and fertilization technology in Northeast
China. Agric Water Manage. 2020;241:106352. https://doi.org/10.1016/j.
agwat.2020.106352.

Shirazi SM, Yusop Z, Zardari NH, Ismail Z. Effect of Irrigation Regimes and
Nitrogen Levels on the Growth and Yield of Wheat. Advances in Agricul-
ture. Hindawi Publishing Corporation. 2014; 2014: 250874. https://doi.
0rg/10.1155/2014/250874.

Stanturf JA, Oosten CV, Netzer DA. Ecology and silviculture of poplar planta-
tions. Poplar culture in North America. 2001.

Rajput TBS, Patel N. Water and nitrate movement in drip-irrigated

onion under fertigation and irrigation treatments. Agric Water Manage.
2006;79(3):293-311. https://doi.org/10.1016/j.agwat.2005.03.009.

Yan XL, Dai TF, Zhao DH, Jia LM. Combined surface drip irrigation and
fertigation significantly increase biomass and carbon storage in a Populus x
euramericana cv. Guariento plantation. J for Res. 2016;21(6):280-90. https://
doi.org/10.1007/510310-016-0540-7.

Yan XL, Dai TF, Jia LM. Evaluation of the cumulative effect of drip irriga-

tion and fertigation on productivity in a poplar plantation. Ann for Sci.
2018;75:1-12. https://doi.org/10.1007/513595-017-0682-6.

Bi HL, Lan ZP, Sun SW, Fu JP, Peng JJ, Ma X. Spatial distribution of fine Root
in the Poplar Plantation under Drip Irrigation. For Res. 2017;30(6):946953.
https://doi.org/10.13275/j.cnkilykxyj.2017.06.009.

Bi HL, Lan ZP, Peng JJ, Ma X. Growth and fine Root characteristics of

Poplar under Drip fertilization. J Irrig Drain. 2021;40(1):77-82. https://doi.
0rg/10.13522/j.cnki.ggps.2021076.

Zhang YW, Ding CJ, Liu Y, Shan L, Li XM, Xi BY, et al. Xylem anatomical and
hydraulic traits vary within crown but not respond to water and nitrogen
addition in Populus tomentosa. Agric Water Manage. 2023,278:108169.
https://doi.org/10.1016/j.agwat.2023.108169.

Du CJ, Zhang M, Zhang L, Hu JJ. Effect of Nitrogen Fertilizer on Car-

bon and Nitrogen Metabolism of Two Poplar Varieties. Acta Bot
Boreali-Occidentalia Sinica. 2023;43(6):988-95. https://doi.org/10.7606/).
issn.1000-4025.2023.06.0988.

Chen LY, Zhang LF, Lu ZY, Xian F, Zhang JZ, Cheng YC, et al. Effects of trace
irrigation at different depths on transcriptome expression pattern in cotton
(G. hirsutum L.) leaves. BioMed Res Int. 2020,2020:7248513. https://doi.
0rg/10.1155/2020/7248513.

Zhang JL, Wang P, Ji JF, Long HY, Wu X. Transcriptome analysis reveals the
molecular mechanism of yield increases in maize under stable soil water
supply. PLoS One. 2021;16(9):e0257756. https://doi.org/10.1371/journal.
pone.0257756.

Ou XH, Li SP, Liao PR, Cui XM, Zheng BL, YeY, et al. The transcriptome
variations of Panax notoginseng roots treated with different forms of
nitrogen fertilizers. BMC Genomics. 2020;20(9):965. https://doi.org/10.1186/
$12864-019-6340-7.

FuYQ Zhong XH, Lu CS, Liang KM, Pan JF, Hu XY, et al. Growth, nutri-

ent uptake and transcriptome profiling of rice seedlings in response to
mixed provision of ammonium- and nitrate-nitrogen. J Plant Physiol Ger.
2023,284:153976. https//doi.org/10.1016/}jplph.2023.153976.

Ning K, Ding CJ, Huang QJ, Zhang WX, Yang CC, Liang DJ, et al. Transcriptome
profiling revealed diverse gene expression patterns in poplar (Populus X eura-
mericana) under different planting densities. PloS One. 2019;14(5):¢0217066.
https://doi.org/10.1371/journal.pone.0217066.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low mem-
ory requirements. Nat Methods. 2015;12(4):357-60. https://doi.org/10.1038/
nmeth.3317.

Wagner GP, Kin K, Lynch VJ. Measurement of mRNA abundance using
RNA-seq data: RPKM measure is inconsistent among samples. Theory Biosci.
2012;131(4):281-5. https://doi.org/10.1007/512064-012-0162-3.

Wang LK, Feng ZX, Wang XW, Zhang XG. DEGseq: an R package for identify-
ing differentially expressed genes from RNA-seq data. Bioinformatics.
2010;26(1):136-8. https://doi.org/10.1093/biocinformatics/btp612.
Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-

tive C(T) method. Nat Protoc. 2008,3(6):1101-8. https://doi.org/10.1038/
nprot.2008.73.


https://ngdc.cncb.ac.cn/gsa
http://www.nfgrp.cn/static/web/r/database_t1.jsp
http://www.nfgrp.cn/static/web/r/database_t1.jsp
https://doi.org/10.1007/s11676-015-0203-0
https://doi.org/10.1007/s11676-015-0203-0
https://doi.org/10.1080/00049158.2014.920552
https://doi.org/10.1007/s00271-010-0255-z
https://doi.org/10.1007/s11676-019-00888-y
https://doi.org/10.1007/s11676-019-00888-y
https://doi.org/10.1016/S0378-1127(03)00306-2
https://doi.org/10.1016/S0378-1127(03)00306-2
https://doi.org/10.1080/00380768.2010.549445
https://doi.org/10.1104/pp.76.1.112
https://doi.org/10.1016/j.agwat.2020.106352
https://doi.org/10.1016/j.agwat.2020.106352
https://doi.org/10.1155/2014/250874
https://doi.org/10.1155/2014/250874
https://doi.org/10.1016/j.agwat.2005.03.009
https://doi.org/10.1007/s10310-016-0540-7
https://doi.org/10.1007/s10310-016-0540-7
https://doi.org/10.1007/s13595-017-0682-6
https://doi.org/10.13275/j.cnki.lykxyj.2017.06.009
https://doi.org/10.13522/j.cnki.ggps.2021076
https://doi.org/10.13522/j.cnki.ggps.2021076
https://doi.org/10.1016/j.agwat.2023.108169
https://doi.org/10.7606/j.issn.1000-4025.2023.06.0988
https://doi.org/10.7606/j.issn.1000-4025.2023.06.0988
https://doi.org/10.1155/2020/7248513
https://doi.org/10.1155/2020/7248513
https://doi.org/10.1371/journal.pone.0257756
https://doi.org/10.1371/journal.pone.0257756
https://doi.org/10.1186/s12864-019-6340-7
https://doi.org/10.1186/s12864-019-6340-7
https://doi.org/10.1016/j.jplph.2023.153976
https://doi.org/10.1371/journal.pone.0217066
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1007/s12064-012-0162-3
https://doi.org/10.1093/bioinformatics/btp612
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73

Wang et al. BMC Plant Biology

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

(2024) 24:759

Blankenship RE. The Basic Principles of Photosynthetic Energy Storage.

In Molecular Mechanisms of Photosynthesis. 2002; 1-10. https://doi.
0rg/10.1002/9780470758472.ch1.

Yang YY, Gao SW, Su YC, Lin ZL, Guo JL, Li MJ, et al. Transcripts and low nitro-
gen tolerance: Regulatory and metabolic pathways in sugarcane under low
nitrogen stress. Environ Exp Bot. 2019;163:97-111. https://doi.org/10.1016/j.
envexpbot.2019.04.010.

Langfelder P, Horvath S. WGCNA: an R package for weighted correla-

tion network analysis. BMC Bioinformatics. 2008;9(1):559. https://doi.
0rg/10.1186/1471-2105-9-559.

Wang YL, Fu B, Pan LF, Chen LM, Fu XH, Li KZ, Overexpression. of Arabidopsis
Dof1,GST and GS2 Enhanced Nitrogen Assimilation in Transgenic Tobacco
Grown Under Low-Nitrogen Conditions. Plant Molecular Biology Reporter.
2013, 31(4): 886-900. https://doi.org/10.1007/s11105-013-0561-8.

Huang DM, Lan W, Ma WB, Huang RL, Lin WF, Li MS, et al. WHIRLY1 recruits
the histone deacetylase HDA15 repressing leaf senescence and flowering in
Arabidopsis. J Integr Plant Biol. 2022,64(7):1411-29. https://doi.org/10.1111/
jipb.13272.

Quan XY, Meng C, Zhang N, Liang XL, Li JL, Li HM, et al. Genome-wide
analysis of barley bHLH transcription factors and the functional character-
ization of HvbHLH56 in low nitrogen tolerance in Arabidopsis. Int J Mol Sci.
2023;24(11):9740. https://doi.org/10.3390/ijms24119740.

Huang LL, Li MJ, Zhou K, SunTT, Hu LY, Li CY, et al. Uptake and metabolism
of ammonium and nitrate in response to drought stress in Malus pruni-

folia. Plant Physiol Biochem. 2018;127:185-93. https://doi.org/10.1016/j.
plaphy.2018.03.031.

Yin CY, Pang XY, Chen K. The effects of water, nutrient availability and their
interaction on the growth, morphology and physiology of two poplar
species. Environ Exp Bot. 2009,67:196-203. https://doi.org/10.1016/j.
envexpbot.2009.06.003.

Murgueitio-Herrera E, Falconf CE, Cumbal L, Gdmez J, Yanchatipan K, Tapia A,
et al. Synthesis of Iron, Zinc, and Manganese Nanofertilizers, using Andean
Blueberry Extract, and their effect in the growth of Cabbage and Lupin
plants. Nanomaterials. 2022;12(11). https://doi.org/10.3390/nano12111921.
Vaghar MS. Foliar application of iron, zinc, and manganese nano-chelates
improves physiological indicators and soybean yield under water deficit
stress. Appl Biology. 2022;12(46):105-26. https://doi.org/10.1080/01904167.2
020.1793180.

Niu ZM, Li GT, Hu HY, Lv JJ, Zheng QW, Liu JQ, et al. A gene that underwent
adaptive evolution, LAC2 (LACCASE), in Populus Euphratica improves drought
tolerance by improving water transport capacity. Hortic Res. 2021;8(1):88.
https://doi.org/10.1038/541438-021-00518-x.

Liu J, Zhu K, Zhao H, LiY, Liu S, Song X, et al. Transcriptome Analysis of Maize
Ear Leaves under Long-Term applications of Nitrogen Fertilizer and its
combinations with Phosphorus and Potassium fertilizers. J Soil Sci Plant Nutr.
2022;22(1):112-20. https://doi.org/10.1007/542729-021-00637-3.

Mu X, Chen Q, Chen F, Yuan L, Mi G, et al. A RNA-Seq analysis of the response
of Photosynthetic System to Low Nitrogen Supply in Maize Leaf. Int J Mol Sci.
2017;18. https://doi.org/10.3390/ijms18122624.

Jabbari AR, Dehaghi MA, Sanavi AMM, Agahi K. Nitrogen and iron fertilization
methods affecting essential oil and chemical composition of thyme (Thymus
Vulgaris L) medical plant. Adv Environ Biol. 2011;5(2):433-8.

GaoY, Xu Z, Zhang L, Li S, Wang S, Yang H, et al. MYB61 is requlated by GRF4
and promotes nitrogen utilization and biomass production in rice. Nat Com-
mun. 2020;11(1):5219. https://doi.org/10.1038/541467-020-19019-x.

Jenny A, Mark W, Robin GW, Caroline AH, Alexander VR, Peter H, et al.
Absence of the Lhcb1 and Lhcb2 proteins of the light-harvesting complex of
photosystem Il - effects on photosynthesis, grana stacking and fitness. Plant
J. https://doi.org/10.1046/).1365-313X.2003.01811 x.

De Bianchi S, Dall'Osto L, Tognon G, Morosinotto T, Bassi R. Minor antenna
proteins CP24 and CP26 affect the interactions between photosystem Il
subunits and the electron transport rate in grana membranes of Arabidopsis.
Plant Cell. 2008;20(4):1012-28. https://doi.org/10.1105/tpc.107.055749.

Vos J, Putten PELVD, Birch CJ. Effect of nitrogen supply on leaf appearance,
leaf growth, leaf nitrogen economy and photosynthetic capacity in maize
(Zeamays L.). Field Crops Res. 2005;93(1):64-73. https://doi.org/10.1016/j.
fcr2004.09.013.

Pratelli R, Pilot G. Regulation of amino acid metabolic enzymes and transport-
ers in plants. J Exp Bot. 2014;65(19):5535-56. https://doi.org/10.1093/jxb/
eru320.

Kazuhiro F, Soichi K, Mayumi TK, Yuki S, Yosuke N, Toshihiko H, et al. Cytosolic
glutamine Synthetase1;2 is responsible for the primary assimilation of

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 21 of 22

ammonium in Rice roots. Plant Cell Physiol. 2013;54(6):934-43. https://doi.
0rg/10.1093/pcp/pct046.

Foyer CH, Noctor G, Lelandais M, Lescure JC, Valadier MH, Boutin JP, et al.
Short-term effects of nitrate, nitrite and ammonium assimilation on photo-
synthesis, carbon partitioning and protein phosphorylation in maize. Planta.
1994;192(2):211-20. https://doi.org/10.1007/BF01089037.

Wang Y, Wang N, Xu H, Jiang SH, Fang HC, Su MY, et al. Auxin regulates antho-
cyanin biosynthesis through the Aux/IAA-ARF signaling pathway in apple.
Hortic Res. 2018;5(1):59. https://doi.org/10.1038/541438-018-0068-4.

Hagen G. Auxin signal transduction. Essays Biochem. 2015;58:1-12. https://
doi.org/10.1042/bse0580001.

Woodward AW, Bonnie B, Auxin. Regulation, Action, and Interaction. Annals
of botany. 2005; 95: 707-35. https://doi.org/10.1093/aob/mci083.

Leyser O, Auxin, Signaling. Plant Physiol. 2018;176(1):465-79. https://doi.
0rg/10.1104/pp.17.00765.

Meng L, Dong JX, Wang SS, Song K, Ling AF, Yang JG, et al. Differential
responses of root growth to nutrition with different ammonium/nitrate
ratios involve auxin distribution in two tobacco cultivars. J Integr Agric.
2019;18(12):2703-15. https://doi.org/10.1016/52095-3119(19)62595-5.

Tang W, Kim TW, Osesprieto JA, SunY, Deng Z, Zhu S, et al. BSKs mediate
signal transduction from the receptor kinase BRI in Arabidopsis. Science.
2008;321:557-60. https://doi.org/10.1126/science.1156973.

Jia Z, Giehl RFH, Meyer RC, Altmann T, Wirén N. Natural variation of BSK3
tunes brassinosteroid signaling to regulate root foraging under low nitrogen.
Nat Commun. 2019;10:2378. https://doi.org/10.1038/541467-019-10331-9.
Ren H, Willige BC, Jaillais Y, Geng S, Park MY, Gray WM, et al. BRASSINO-
STEROID-SIGNALING KINASE 3, a plasma membrane-associated scaf-

fold protein involved in early brassinosteroid signaling. Public Libr Sci.
2019;15(1):21007904. https://doi.org/10.1371/journal.pgen.1007904.
Menges M, Samland AK, Planchais S, Murray JAH. The D-type cyclin CYCD3;
1is limiting for the G1-to-S-phase transition in Arabidopsis. Plant Cell.
2006;18(4):893-906. https://doi.org/10.1105/tpc.105.039636.

Schaller GE, Street IH, Kieber JJ. Cytokinin and the cell cycle. SI: Cell Signal
gene Regul. 2014;21:7-15. https://doi.org/10.1016/j.pbi.2014.05.015.

Hwang |, Sheen J. Two-component circuitry in Arabidopsis cytoki-

nin signal transduction. Nature. 2001;413(6854):383-9. https://doi.
0rg/10.1038/35096500.

To JPC, Kieber JJ. Cytokinin signaling: two-components and more. Trends
Plant Sci. 2008;13(2):85-92. https://doi.org/10.1016/j.tplants.2007.11.005.
Zhang WJ, Zhou'Y, Zhang Y, Su YH, Xu TD. Protein phosphorylation: a
molecular switch in plant signaling. Cell Rep. 2023;42(7):112729. https://doi.
0rg/10.1016/J.CELREP2023.112729.

Toman SS, Al-Taey DKA, Al-Tawaha AR, Sirajuddin SN, Hassan AH. Effect of
foliar application and mineral fertilizer on growth parameters and content
auxins, GA and CKiin cucumber leaves. IOP Conf Ser Earth Environ Sci.
2020;492(1):012009. https://doi.org/10.1088/1755-1315/492/1/012009.
Kaufmann K, Airoldi CA. Master regulatory transcription factors in plant devel-
opment: a blooming perspective. Methods Mol Biol. 2018;1830:3-22. https://
doi.org/10.1007/978-1-4939-8657-6_1.

Burgess SJ, Reyna-Llorens |, Stevenson SR, Singh P, Hibberd JM. Genome-wide
transcription factor binding in leaves from C3 and C4 grasses. Plant Cell.
2019;31(10):2297-314. https://doi.org/10.1105/tpc.19.00078.

UedaY, Ohtsuki N, Kadota K, Tezuka A, Nagano AJ, KadowakiT, et al. Gene
regulatory network and its constituent transcription factors that control
nitrogen-deficiency responses in rice. New phytol. 2020;227(5):1434-52.
https://doi.org/10.1111/nph.16627.

Wei'S, Li X, Lu Z, Zhang H, Ye X, Zhou Y, et al. A transcriptional regulator

that boosts grain yields and shortens the growth duration of rice. Science.
2022;377(6604):eabig455. https://doi.org/10.1126/science.abi8455.

Liu KH, Liu M, Lin Z, Wang ZF, Chen B, Liu C, et al. NIN-like protein 7 transcrip-
tion factor is a plant nitrate sensor. Science. 2022,377(6613):1419-25. https://
doi.org/10.1126/science.add1104.

WangT, Li M, Yang J, Li M, Zhang Z, Gao H, et al. Brassinosteroid transcrip-
tion factor BEST modulates nitrate deficiency by promoting NRT2.1 and
NRT2.2 transcription in Arabidopsis. Plant J. 2023;114(6):1443-57. https://doi.
org/10.1111/tpj.16203.

Wei M, Li H,Wang Q, Liu R, Yang L, Li Q. Genome-wide identification and
expression profiling of B3 transcription factor genes in Populus alba x
Populus glandulosa. Front Plant Sci. 2023;14:1193065-1193065. https://doi.
0rg/10.3389/fpls.2023.1193065.


https://doi.org/10.1002/9780470758472.ch1
https://doi.org/10.1002/9780470758472.ch1
https://doi.org/10.1016/j.envexpbot.2019.04.010
https://doi.org/10.1016/j.envexpbot.2019.04.010
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1007/s11105-013-0561-8
https://doi.org/10.1111/jipb.13272
https://doi.org/10.1111/jipb.13272
https://doi.org/10.3390/ijms24119740
https://doi.org/10.1016/j.plaphy.2018.03.031
https://doi.org/10.1016/j.plaphy.2018.03.031
https://doi.org/10.1016/j.envexpbot.2009.06.003
https://doi.org/10.1016/j.envexpbot.2009.06.003
https://doi.org/10.3390/nano12111921
https://doi.org/10.1080/01904167.2020.1793180
https://doi.org/10.1080/01904167.2020.1793180
https://doi.org/10.1038/s41438-021-00518-x
https://doi.org/10.1007/s42729-021-00637-3
https://doi.org/10.3390/ijms18122624
https://doi.org/10.1038/s41467-020-19019-x
https://doi.org/10.1046/j.1365-313X.2003.01811.x
https://doi.org/10.1105/tpc.107.055749
https://doi.org/10.1016/j.fcr.2004.09.013
https://doi.org/10.1016/j.fcr.2004.09.013
https://doi.org/10.1093/jxb/eru320
https://doi.org/10.1093/jxb/eru320
https://doi.org/10.1093/pcp/pct046
https://doi.org/10.1093/pcp/pct046
https://doi.org/10.1007/BF01089037
https://doi.org/10.1038/s41438-018-0068-4
https://doi.org/10.1042/bse0580001
https://doi.org/10.1042/bse0580001
https://doi.org/10.1093/aob/mci083
https://doi.org/10.1104/pp.17.00765
https://doi.org/10.1104/pp.17.00765
https://doi.org/10.1016/s2095-3119(19)62595-5
https://doi.org/10.1126/science.1156973
https://doi.org/10.1038/s41467-019-10331-9
https://doi.org/10.1371/journal.pgen.1007904
https://doi.org/10.1105/tpc.105.039636
https://doi.org/10.1016/j.pbi.2014.05.015
https://doi.org/10.1038/35096500
https://doi.org/10.1038/35096500
https://doi.org/10.1016/j.tplants.2007.11.005
https://doi.org/10.1016/J.CELREP.2023.112729
https://doi.org/10.1016/J.CELREP.2023.112729
https://doi.org/10.1088/1755-1315/492/1/012009
https://doi.org/10.1007/978-1-4939-8657-6_1
https://doi.org/10.1007/978-1-4939-8657-6_1
https://doi.org/10.1105/tpc.19.00078
https://doi.org/10.1111/nph.16627
https://doi.org/10.1126/science.abi8455
https://doi.org/10.1126/science.add1104
https://doi.org/10.1126/science.add1104
https://doi.org/10.1111/tpj.16203
https://doi.org/10.1111/tpj.16203
https://doi.org/10.3389/fpls.2023.1193065
https://doi.org/10.3389/fpls.2023.1193065

Wang et al. BMC Plant Biology (2024) 24:759

69. Feng K, Hou XL, Xing GM, Liu JX, Duan AQ, Xu ZS, et al. Advances in AP2/
ERF super-family transcription factors in plant. Crit Reviews Biotechnol Taylor
Francis. 2020;40(6):750-76. https://doi.org/10.1080/07388551.2020.1768509.

70. ChenTT, Chen X, Zhang SS, Zhu JW, Tang BX, Wang A, et al. The genome
sequence archive family: toward explosive data growth and diverse data
types. Genomics Proteomics Bioinformatics. 2021;19(4):578-83. https://doi.
0rg/10.1016/}.9pb.2021.08.001 (2021).

71. CNCB-NGDC Members and Partners. Database resources of the National
Genomics Data Center, China National Center for Bioinformation in 2022.

Nucleic Acids Res. 2022;50(D1):D27-38. https://doi.org/10.1093/nar/gkab951.

Page 22 of 22

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


https://doi.org/10.1080/07388551.2020.1768509
https://doi.org/10.1016/j.gpb.2021.08.001
https://doi.org/10.1016/j.gpb.2021.08.001
https://doi.org/10.1093/nar/gkab951

	﻿RNA-seq reveals the gene expression in patterns in ﻿Populus × euramericana﻿ 'Neva' plantation under different precision water and fertilizer-intensive management
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Site description and sampling
	﻿Determination of physiological indicators
	﻿RNA extraction, cDNA library construction, and RNA sequencing
	﻿RNA-Seq data processing and analysis
	﻿Quantitative real-time PCR verification

	﻿Results
	﻿Impact of precision water and fertilizer-intensive management on physiological and biochemical indicators of poplar

	﻿Global analysis of RNA-Seq
	﻿Differentially expressed genes and patterns under precision water and fertilizer-intensive management
	﻿Function annotation of the DEGs
	﻿DEGs related to photosynthesis
	﻿DEGs related to nitrogen metabolism
	﻿DEGs related to plant hormone signal transduction
	﻿WGCNA analysis for mining hub genes associated with growth traits
	﻿qRT-PCR validation

	﻿Discussion
	﻿Precision water and fertilizer-intensive management regulates the physiological characteristics of poplar
	﻿Expression pattern and functional analysis of DEGs under precision water and fertilizer-intensive management
	﻿Precision water and fertilizer-intensive management regulates the expression of DEGs in different metabolic pathways
	﻿Photosynthesis


	﻿Nitrogen metabolism
	﻿Plant hormones

	﻿Analysis of the molecular mechanism of precision water and fertilizer-intensive management in regulating the growth of poplar
	﻿Conclusion
	﻿References


