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Abstract

Key message This study enriched the understanding of the mechanism of nitrogen tolerance and starvation of yel-
lowhorn and provided a reference for the breeding of low-nitrogen tolerance germplasm in the future.

Abstract Yellowhorn is a rare woody oil crop in China, which can survive in barren, drought, cold, and even saline-alkali
environments. However, its growth and development can be seriously affected by low-nitrogen stress. A comprehensive
understanding of its transcriptional regulation activities under low-nitrogen stress is expected to indicate the key molecular
mechanisms of its tolerance to low nitrogen levels. In this study, yellowhorn was divided into control, low-nitrogen, and
nitrogen-free groups for treatment. Samples were treated for 15 days before assessing physiological characteristics and
transcriptome analysis. Under low-nitrogen and no-nitrogen condition, a total of 10,733 differentially expressed genes were
identified, among which 3870 genes were up-regulated and 6,863 genes were down-regulated. Under low-nitrogen stress,
the most up-regulated genes were enriched in the phenylpropane synthesis pathway, flavonoid synthesis pathway, and
plant hormone signal transduction pathway. Our determination of total flavonoids and proanthocyanidins also verified the
upregulation of these three pathways. Brassinosteroid, salicylic, and jasmonic acid (BR, SA and JA, respectively) pathway-
related genes were significantly up-regulated in the signal transduction pathway of plant hormones. This study provided a
comprehensive review of the transcriptomics changes of yellowhorn under low nitrogen stress and detailed its insights into
the relevant mechanism of BR, SA, and JA signaling pathway in resisting low-nitrogen stress, laying a solid foundation to
further identify the corresponding molecular mechanism of yellowhorn and other woody oil plants.

Keywords Transcriptome sequencing - Low nitrogen stress - Flavonoids - Proanthocyanidins - Brassinosteroid - Salicylic -
Jasmonic acid

Abbreviations ROS Scavenging reactive oxygen species

DEGs Differentially expressed genes CK Control group

FPKM Fragments per kb per million fragments

GO Gene ontology

KEGG Kyoto encyclopedia of genes and genomes Introduction

gRT-PCR  Quantitative real-time PCR

RNA-seq RNA sequence Yellowhorn (Xanthocera sorbifolia Bunge) is a unique

ABA Abscisic acid woody oil tree species in China, belonging to Sapindaceae,

SA Salicylic acid and widely distributed in most areas of northern China (Liu

JA Jasmonates et al. 2014). It has high economic value, e.g., the seeds

BR Gibberellin are rich in oil (55-70%), unsaturated fatty acids account

for 85-93%, with high antioxidant activity and nutritional

54 Hua Jin value (Zhang et al. 2010, Ruan et al. 2016). In addition,

jhua@dlnu.edu.cn yellowhorn has extremely high ecological value, being dif-

ferent from most energy tree species that can only survive
on farmland. Owing to its powerful root system and strong
environmental adaptability, yellowhorn can survive in bar-
ren, drought, cold, and even saline-alkali environments (Guo
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et al. 2013; Liu et al. 2013; Jin et al. 2020). Thus, it has
attracted much attention in recent years. The Chinese gov-
ernment is also extremely concerned about such excellent
tree species, and launched the yellowhorn Breeding Pro-
gram as a “green environmental solution” to alleviate the
energy crisis (Ebert Sustainability 2014), also promoting
yellowhorn planting in desert, semi-arid, and arid areas as
an effective measure to restore vegetation and prevent soil
erosion, such as the demonstration base of one million mu
of yellowhorn energy forest in Maigaiti county (Yao et al.
2013). When planted on barren land, yellowhorn susceptibil-
ity to various abiotic stresses increases, which affects their
growth and development.

Yellowhorn would not only be subjected to environmental
stresses such as drought, low temperature, heat, and saline-
alkali (Jin et al. 2020; Lang et al. 2020), but also may be
stressed by nutrient scarcity such as that of nitrogen. Nitro-
gen (N) is an important mineral element necessary for plant
life, and the main nutrient and component of several macro-
molecules and signaling compounds (such as nucleic acids,
proteins, and hormones) (Lin et al. 2011; Krapp 2015). It
affects several aspects of plant growth and development,
such as N and C distribution, root branching, leaf growth,
and flowering time (Bi et al. 2007; Zhu et al. 2021). In
plants, Inorganic N uptake occurs mainly through nitrate
and ammonium transporters, which transform nitrate and
ammonium N absorbed by roots into amino acids that are
subsequently transported to leaves (Wang et al. 2012; Yang
et al. 2019; Luo et al. 2015; Black et al. 2002). Although
plants absorb N mainly from the soil, soil N is usually lim-
ited, especially in barren areas with extremely low available
N concentration, such as deserts and other places (Liu et al.
2020). Therefore, lack of nitrogen will seriously limit the
growth and development of plants (Chen et al. 2008). N defi-
ciency leads to a decrease in plant growth rate, makes plant
leaves yellow, and eventually reduces leaf size and photo-
synthetic rate (Nunes-Nesi et al. 2010; Babst et al. 2019). In
addition, several studies emphasize that the effective N con-
centration in the soil affects the ability of plants to respond
to biological stress (Ballini et al. 2013). Thus, yellowhorn
grown in barren areas such as deserts may face a variety of
abiotic stresses, making necessary to analyze the molecular
mechanism of yellowhorn under low-N stress.

Currently, yellowhorn research mainly focuses on growth
(Yao et al. 2009), cultivation management, oil composition
and extraction (Shen et al. 2019), and conventional breeding
(Liu et al. 2014). Transcriptomic studies have been conducted
to shed light on different aspects of yellowhorn biology (Liu
et al. 2013; Wang et al. 2018). The recent release of its whole
genome sequence (Quanxin et al. 2019, Qiang et al. 2019)

@ Springer

should help investigate the underlying molecular mechanisms.
So far, several transcriptome studies have been carried out on
yellowhorn, e.g., Liu used the buds, leaves, flowers, and seeds
of yellowhorn for transcriptome analysis, and then studied and
identified the genes related to yellowhorn oil accumulation
(Liu et al. 2013). Furthermore, Li sequenced the transcrip-
tome of seeds with different oil content, and found that the
seeds with high oil content were mainly consequence of fatty
acid biosynthesis and carbon supply increase (Li et al. 2020).
However, there are few studies on the molecular mechanisms
related to abiotic stress in yellowhorn. At present, only Jin
et al. have studied transcriptome sequencing of yellowhorn
seedlings treated with NaCl, ABA and low temperature, and
the results indicate that yellowhorn may form a specific molec-
ular defense system against a variety of abiotic stresses (Jin
et al. 2020). So far, there is no relevant report on the molecular
defense mechanism of yellowhorn under low-nitrogen stress.

RNA-Seq is a widely used tool for studying molecular reg-
ulation mechanisms and finding stress response genes (Que
et al. 2014; Yang et al. 2018a, b), and has been used on sev-
eral plants to explore the molecular mechanism under low-N
stress (Lu et al. 2019; Liu et al. 2020). Quan et al. revealed
the molecular mechanism of two kinds of Tibetan wild barley
under slow N deficiency, and identified candidate genes related
to low-N tolerance (Quan et al. 2019). Sugarcane is one of the
most important cash crops worldwide, and its regulation and
metabolic pathways under low-N conditions have also been
preliminarily revealed (Yang et al. 2019) Yang et al. used tran-
scriptomics to reveal changes in secondary metabolite (flavo-
noids and caffeine, among others) synthesis pathways in tea
under low-nitrogen conditions (Yang et al. 2018a, b). Liang’s
results indicated that anthocyanins, the secondary metabolites
accumulated in Arabidopsis under low-nitrogen stress, con-
tribute to its resistance to low-N stress (Liang and He 2018).
Meanwhile, Wu et al. showed that jasmonic acid (JA) signaling
would mediate large-scale systemic changes in nitrogen uptake
and distribution in rice (Wu et al. 2018). In conclusion, plants
have certain similarities in resistance to low-nitrogen stress,
but each plant also has its own unique mechanism of low-
nitrogen tolerance, so it is necessary to study the mechanism
of low nitrogen tolerance in yellowhorn.

In seed plants, the seedling stage is the most fragile in the
life cycle (Jin et al. 2020), and seedling traits phenotyping
would be a helpful strategy for pre-selection of plants with
strong adaptability to the field stresses (Avramova et al. 2016).
Therefore, to fill the knowledge gap regarding yellowhorn
molecular defense mechanisms under low-N stress, we used
RNA-Seq technology to sequence the transcriptome of yel-
lowhorn seedlings under different N stress conditions.
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Methods
Experimental design

Yellowhorn seeds were soaked in water at 50 °C for
3 days. Then, seeds were wrapped with cotton cloth soaked
in water to keep them moist until they germinated. Ger-
minated seeds were planted in sand and grown under a
16-h/8-h light cycle, 60% humidity, and 28 °C supple-
mented with 1/2 Hoagland solution every other day.

The experiment is as follows: yellowhorn which grows
for 2 months and is similar in size, is divided into three
groups and treated with three different concentrations of
nutrient solution. The nutrient solution was 945 mg/1 cal-
cium sulfate, 506 mg/1 potassium sulfate, 80 mg/l ammo-
nium nitrate, 136 mg/l dipotassium hydrogen phosphate,
493 mg/l magnesium sulfate, 5.56 g/l ferrous sulfate hep-
tahydrate, 7.46 g/l EDTA, 0.83 mg/l potassium iodide,
6.2 mg/1 boric acid, 22.3 mg/l manganese sulfate, 8.6 mg/1
zinc sulfate, 0.25 mg/l sodium molybdate, 0.025 mg/1
copper sulfate, and 0.025 mg/l cobalt chloride. Ammo-
nium nitrate was used as the sole N source, at 0, 16, and
160 mg/1 (NN, LN, and CK, respectively) (The general
standard of cultivated soil is that the nitrogen concentra-
tion is 150-200 mg/Kg.). During 15 days, water plants
with 400 ml of nutrient solution every three days.

Physiological index determination and phenotype
observation

After 15 days of treatment, stressed (LN, NN) and control
(CK) seedlings were collected for the following measure-
ments, which were performed with three independent bio-
logical replicates if not otherwise specified:

Relative plant fresh weight determination and pheno-
typic observation: The average fresh weights and plant
height, root length, and lateral root length of seedling in
LN, NN and CK groups were measured calculated using
three randomly chosen seedlings as independent biological
replicates for each group.

Flavonoids and procyanidins: About 0.2 g of fresh
yellowhorn leaves were added to 1 ml of 80% methanol,
ground thoroughly, and leached overnight. Then, the
sample was centrifuged at 8000 X g for 10 min, and the
supernatant was collected. Blow the supernatant N to the
water phase, 1 ml petroleum ether was added into the water
phase, fully shaken, let stand for layering, and the upper
petroleum ether phase was discarded. After adjusting the
pH to 2.5-3.0 with about 20 pl 2 M HCI solution, it was
extracted twice with 1 ml of ethyl acetate, the ethyl ace-
tate phases combined, and the ethyl acetate phase N was

blown to dryness. Then, 1.5 ml PBS buffer was added to
redissolve, and measurements were made after membrane
filtration. Flavonoids and proanthocyanidins were deter-
mined using flavonoid and proanthocyanidin kits (Nanjing
Jiancheng Institute of Bioengineering).

Determination of plant hormone content: Brassinolide
(BIO(Tw)-E07(P1)-00016, Shanghai Tongwei reagent),
jasmonic acid (M1077234, Shanghai Institute of Enzyme-
Linked Biology), abscisic acid (M1077235, Shanghai
Institute of Enzyme-linked Biology) and salicylic acid
(M1077224, Shanghai Institute of Enzyme-linked Biology)
were determined by enzyme-linked immunosorbent assay
(Sharipova et al. 2016).

Determination of soluble protein content: We used the
method described by Bradford (Coomassie brilliant blue
staining) to determine the content of soluble protein with
bovine serum albumin as the standard (Bradford 1976).

Determination of chlorophyll content: The chlorophyll
content is determined by spectrophotometry (Costache M
A. 2012).

Sample collection and RNA extraction

RNA samples were prepared from 9 yellowhorn leaf sam-
ples (3 treatments X 3 biological replicates) (The leaves
of yellowhorn are pinnate compound leaves). The second
compound leaves of seedlings were collected at each time
point, which were frozen in liquid nitrogen and stored in a
refrigerator at — 80 °C for further analysis. The top tender
leaves of yellowhorn were selected, frozen in liquid N,
and stored at — 80 °C. According to the manufacturer’s
instructions, total RNA was extracted using a total RNA
extractor (Trizol) kit (B511311, Chinese laborers) and
treated with DNase I without RNase to remove genomic
DNA contamination. RNA integrity was evaluated with
1.0% agarose gel. Then, RNA quality and quantity were
evaluated using spectrophotometer (IMPLEN, CA, USA)
and Agilent 2100 bioanalyzer (Agilent Technologies, CA,
USA). The transcriptional group was sequenced using the
method described by Wang et al. (Wang et al 2016). In
short, mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. Fragmentation was car-
ried out using divalent cations under elevated tempera-
ture in NEB Next First Strand Synthesis Reaction Buffer
(5X). First strand cDNA was synthesized using random
hexamer primer and M-MuLV Reverse Transcriptase. Sec-
ond-strand cDNA synthesis was subsequently performed
using DNA Polymerase I and RNase H. Remaining over-
hangs were converted into blunt ends via exonuclease/pol-
ymerase activities. After adenylation of 3’ ends of DNA
fragments, NEB Next Adaptor with hairpin loop structure
were ligated to prepare for hybridization. To select cDNA
fragments of preferentially 240 bp in length, the library
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fragments were purified with AMPure XP system (Beck-
man Coulter, Beverly, USA). Then, 3 pl USER Enzyme
(NEB, USA) was used with size-selected, adaptor-ligated
cDNA at 37 °C for 15 min followed by 5 min at 95 °C
before PCR. Then PCR was performed with Phusion
High-Fidelity DNA polymerase, Universal PCR primers
and Index (X) Primer. At last, the purified PCR product
was quantified using the Agilent Bioanalyzer 2100 sys-
tem. After cluster generation, the final cDNA library was
sequenced on [llumina HiSeq platform.

Differential expression analysis

DESeq?2 (version 1.12.4) was used to determine the differ-
entially expressed genes (DEGs) between two samples. If
g-Value <0.001 and | FoldChange |> 2, the gene was con-
sidered to be significantly differentially expressed. When
the normalized expression of the gene was zero between
the two samples, its expression value was adjusted to 0.01
because 0 cannot be plotted on the logarithmic graph. If
the normalized expression of a certain gene in both librar-
ies was less than 1, it was excluded from further differen-
tial expression analysis.

Functional analysis of differentially expressed genes

The unigene sequence assembled and screened was com-
pared with Nr, Nt, Swiss-Prot, GO, KEGG, and other data-
bases by BLAST, and the comparison results with Nr, Nt,
Swiss-Prot and the functional annotation of GO, and KEGG
pathway were obtained with E-value < 10 as threshold. In
addition, Pfam was searched by Hmmscan to obtain uni-
genes’ functional domain and protein family annotation
information. Functional enrichment analyses included
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) to determine which DEG was sig-
nificantly enriched in GO or metabolic pathways. GO is
an international standard classification system for gene
function, while KEGG is a public database of metabolic
pathway data. KEGG pathway analysis can identify signifi-
cantly abundant metabolic pathways or signal transduction

Table 1 Biomass Changes of yellowhorn under Different Treatments

pathways in DEG. With a P-value <0.05, GO items and
KEGG pathway were considered to have significant changes.

Quantitative reverse transcription PCR verification

To verify the accuracy of RNA-Seq sequencing, eight DEGs
were randomly selected for quantitative reverse transcription
PCR (qRT-PCR) verification. Real-time quantitative PCR
was performed using One Step RT-qPCR Kit (B639277,
Chinese GENERATORS) according to the manufacturer's
instructions. The EF-1a gene was used as reference gene and
gene-specific primers of the selected DEGs were designed
using PRIMERS (Table S7). qRT-PCRs were performed on
an ABI Step One plus platform with three reactions for each
biological replicate and a total of three biological replicates
for each gene.

Results

Effects of nitrogen stress on yellowhorn growth
and development

The growth status of yellowhorn under different N condi-
tions was evaluated to assess its growth change under N
deficiency. After 15 days of treatment, compared to those in
CK, yellowhorn plant height decreased by 5.7 and 14.66%
after LN and NN treatment (Table 1), respectively, and fresh
weight also decreased by 4.38 and 14.93%, respectively.
Contrastingly, yellowhorn root growth and development
under N deficiency was stronger than those in CK (Table 1)
(Fig. S1). Root length was 21.86% and 38.89% higher than
that of CK under LN and NN treatments, respectively, and
the number of lateral roots also significantly increased by
52.36 and 50.07%, respectively, compared to that of CK. The
root development of yellowhorn may be caused by low-N
stress. In this experiment, the soluble protein content of
yellowhorn increased after treatment. Compared with CK,
the soluble protein of yellowhorn increased by 11.32 and
38.69% after LN and NN treatments, respectively (Table 1),
indicating that LN and NN treatments affected the Solu-
ble protein content of plants. Under LN treatment, the con-
tents of chlorophyll a, chlorophyll b and total chlorophyll

Treatment plant height (Cen-  fresh weight (g) Root length (Cen- Number of lateral ~ Soluble protein Chlorophyll Chlorophyll Total

timeters) timeters) roots (Root) (mg/L) a(mg/g) b(mg/g) chlorophyll(mg/g)
CK 19.30+0.84 7.30+0.42 11.16+0.35 20.13+1.37 61.56+0.06 2.533+0.11 4.40+0.10 5.29+0.19
LN 18.20+1.06* 6.98+£0.21* 13.60+0.94* 30.67 +£0.66%* 68.53+0.18* 1.828 +0.12* 3.058+0.03* 4.06+0.08*
NN 16.47£0.91%* 6.21+0.94* 15.50£0.40%* 30.21 £ 1.25%* 85.76 +£0.62* 1.399+0.07** 2.789 £0.05%* 3.26+0.07**

Data are presented as the means + standard error
Asterisk indicates statistically significant different (P <0.05)
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Table 2 Statistics of de novo transcriptome assembly results

Treatment OD260/280 OD260/230 Sam- RIN 28S/18S
ple vol-
ume (pL)
CK1 2.19 2.13 22 83 175
CK?2 2.17 2.37 22 8.1 1.72
CK3 2.14 2.13 22 81 19
LN 1 2.17 2.36 22 8.0 1.79
LN2 2.14 2.37 22 83 1.65
LN 3 2.17 242 22 82 1.65
NN 1 2.11 2.19 22 7.8 132
NN 2 2.14 2.19 22 79 183
NN 3 2.16 24 22 8.0 1.65

decreased by 27.83%, 30.5% and 23.38% respectively. Under
NN treatment, the contents of chlorophyll a, chlorophyll b
and total chlorophyll decreased by 44.77%, 36.61% and
38.33%, respectively. (Table 1). In a word, these results show
that low nitrogen and nitrogen deficiency stress have affected
the growth and development of yellowhorn.

lllumina sequencing and de novo transcriptome
assembly

On the 15th day after treatment, an appropriate amount of
yellowhorn leaves were obtained under CK, LN, and NN
conditions to reveal the molecular mechanism of yellowhorn

response to long-term low-N stress. The RNA integrity num-
ber (RIN) of all components is greater than 7.5 (Table 2).
[llumina HiSeq™ 2000 was used to sequence yellowhorn
seedlings treated with three N concentrations, and nine tran-
scriptome libraries were constructed. After removing low-
quality readings, 74.27 Gb clean data were obtained, with
clean data reaching 6.86 Gb for each sample and Q30 base
percentage above 95.33%. A total of 242,816 unigenes were
obtained, with lengths ranging from 200 to over 2000 bp.
The average unigene length was 464.84 bp and the single
gene splicing length (N50) was 545 bp (Table 3). Clean data
for each sample reached 5.90 Gb, and the percentage of Q30
bases was 97.36% or higher (Table S1), which indicated that
sequencing data was suitable for gene expression analysis.
Additionally, these data can greatly expand the transcrip-
tome resources of yellowhorn in unknown gene mining,
molecular genetics, functional genomics and other fields.

Functional annotation and classification

Annotation results: At least 205,824 single genes were anno-
tated in each database, accounting for 84.77% of the total
enriched single genes. A total of 187,617 unigenes (77.27%)
were annotated in NT database. There were 127,305
(52.43%) and 105,875 (43.6%) unigenes annotated in GO
and NR database, respectively. Moreover, 10,088 unigenes
were annotated in KEGG database, which is frequently used
in plants (Table S2). To study the sequence conservation
between yellowhorn and other plant species, we analyzed

Table 3 Statistics of de novo

. Data Number of unigenes Length of unigenes (bp)
transcriptome assembly results
Total Min Max Average N50
Unigenes 242,816 112,869,585 201 24,590 464.84 545

Fig. 1 Hot-species distribution
of unigenes in yellowhorn leaf
transcription. Different kinds of
plants are color coded

R
=

Arabidopsis thaliana(29531)
Citrus sinensis(8619)

Citrus clementina(5809)
Phaseolus vulgaris(4334)

Oryza sativa Japonica Group(3102)
Vigna radiata var. radiata(2774)
Theobroma cacao(2163)
Ricinus communis(2058)

Vitis vinifera(2031)

Vigna angularis(1928)
Other(42995)
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the species distribution of single gene data set by comparing
the sequence with the NR database. The species distribu-
tion corresponding to the sequence is shown in Fig. 1. The
number of sequences identical to Arabidopsis thaliana was
large, reaching 29,531, with 8619 for Citrus sinensis, 5809
for Citrus clementina, 4334 for Phaseolus vulgaris and 2163
for Theobroma cacao.

The possible functions of unigene in yellowhorn leaves
were classified in the GO database. According to the homol-
ogy comparison results, 127,305 unigenes were annotated
in 71 functional groups in the GO database. Among them,
a total of 22, 27, and 22 subgroups were annotated in the
molecular function, biological process, and cellular com-
ponent grouping, respectively. In the molecular functional
grouping, the subgroups with a large number of unigenes
were binding, catalytic activity, and transporter activity
(78,134, 62,323, and 8716, respectively). Considering bio-
logical processes, there were 86,021, 72,740, and 64,337
unigenes in the cellular, metabolism, and single-organic
processes subgroups, respectively, while for cell composi-
tion, cells, cell parts, and organelles (Figure S4) were the
highest in unigene number (97,843, 97,698, and 73,472,
respectively).

All unigenes were matched to 64,849 hits distributed in
25 functional groups in KOG databases (Figure S4). The
three groups with the largest number of genes were signal
transduction mechanism, general function prediction only,
post-translation modification, protein turnover, and molecu-
lar modification (protein turn over, chaperones). As shown
in Fig. 5, 14,811 unigenes were annotated in 23 channels.
Among them, translation, signal transduction, carbohydrate
metabolism, and transport and metabolism had a high count
of annotated genes (Figure S5).

Up-regulated genes

LN NN

Analysis of differentially expressed genes
under different nitrogen concentrations

Compared with CK, 2475 and 5636 unigenes in the LN
group, and 2476 and 3007 unigenes in the NN group were
up- and down-regulated, respectively (Fig. 2). To identify
active biological pathways enriched with DEGs in yellow-
horn, the KEGG pathway database was searched. KEGG
enrichment analysis results were shown in Figs. 3A and
4B, with the first 20 top-ranking pathways indicated by the
smallest significant Q values. Up-regulated genes were the
most enriched in plant hormone signal transduction, flavo-
noid biosynthesis, and phenylpropanoid biosynthesis. In
addition, galactose metabolism, arginine, and proline metab-
olism, which are involved in regulating osmotic balance,
and glutathione metabolism, which can produce and remove
reactive oxygen species (ROS), were obviously enriched. In
yellowhorn, most genes in these metabolic pathways were
up-regulated with lack of N whether in LN or NN treatment
group.

Yellowhorn genes and pathways related
to low-nitrogen response

To explore the low-N response mechanism in yellowhorn,
we examined transcriptional changes of potential low-N
response genes in LN and NN. We found that genes related
to brassinosteroid (BR), JA, and salicylic acid (SA) signal
transduction were significantly up-regulated (Tables S3 and
S4). The contents of brassinosteroid (BR), jasmonic acid and
salicylic acid (SA) in yellowhorn leaves under low-nitrogen
stress were also significantly higher than those in the control
group (Fig. 5). Additionally, phenylpropanoid biosynthesis

B Down-regulated genes

LN NN

Fig.2 Venn diagram of differentially expressed genes regulated
by nitrogen concentration, i.e., low-N (LN) and no N (NN) vs con-
trol (CK). A up-regulated genes; B down-regulated genes. DESeq2
(version 1.12.4) was used to determine the differentially expressed
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genes (DEGs) between two samples. If g-Value <0.001 and | Fold-
Change |> 2, the gene was considered to be significantly differentially
expressed
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Fig.3 Bubble chart of up-
regulated KEGG genes in differ-
ent treatments. A low nitrogen
vs. control; B no N vs. control.
Color represents the qvalue
value, and the size of bubbles
represents the number of genes
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Fig.4 Analysis of plant hormone content under low nitrogen stress.
A ABA content in leaves; B BR content in leaves; C SA content in
leaves; D JA content in leaves. Perform three biological repetitions.
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Fig.5 Correlation between RNA-Seq expression profile and qRT-
PCR results. Their relative expression levels were measured and cal-
culated using EF-1a-F as the internal reference gene. Three biologi-
cal replicates were performed. The ratios were log2 transformed, >0
means down-regulated, and <0 indicates up-regulated

was also significantly enriched. As a downstream metabolic
pathway of phenylpropanoid biosynthesis, its accumulation
was also apparent. Moreover, 33 and 32 DEGs were identi-
fied as reactive oxygen scavenging genes (Tables S5 and
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The data were analyzed by one-way ANOVA. The different represen-
tations of lowercase letters have statistical significance (P <0.05)
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S6), belonging to glutathione metabolism, and 47 and 33
osmotic potential regulation genes (Tables S5 and S6) were
metabolized by arginine, proline, and galactose in LN and
NN transcriptase, respectively. The number of related genes
identified in the NN transcriptome was significantly lower
than that in the LN transcriptome.

Real-time qPCR validation

To validate the transcriptome data sets, real-time qPCR
technology was applied to analyze transcriptional levels
of 8 randomly selected genes from transcriptome data sets.
Their relative expression levels were measured and calcu-
lated using EF-1a-F as the internal reference gene. These
eight genes included: leucoanthocyanidin reductase-like,
Basic helix—loop—helix DNA-binding family protein, antho-
cyanidin synthase, chalcone isomerase, hypothetical protein
CICLE v10005200mg, NRT1, hypothetical protein CICLE _
v10032858mg and abscisic-aldehyde oxidase isoform X1I.
RT-PCR results confirmed that the transcription changes
of these 8 genes were comparable with the fold-changes
observed in our transcriptome analysis (Fig. 5).
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Determination of brassinosteroid (BR), jasmonic
acid and salicylic acid (SA) contents

Transcriptome data showed that the expression of many
genes in plant hormone signal transduction pathway was up-
regulated in the condition of nitrogen deficiency. The data
showed that the contents of brassinosteroid, jasmonic acid
and salicylic acid in the treatment group were significantly
higher than those in the control group, although there were
differences in abscisic acid content, but the differences were
not significant. The levels of brassinosteroid in LN and NN
groups were 14.48 ng/ml and 23.01 ng/ml, respectively. The
jasmonic acid content in LN and NN groups was 115.79 and
193.83 ng/ml, respectively. The contents of salicylic acid in
LN and NN groups were 148.83 and 220.1 ng/ml, respec-
tively (Fig. 4).

Determination of total flavonoids and procyanidins

Transcriptome data showed that yellowhorn was active in
flavonoid synthesis pathway under N deficiency, and most
genes were up-regulated. Data showed that total flavonoid
and proanthocyanidin contents in the LN treatment group
were significantly higher than those in CK, but those in the
NN treatment group were lower than those in CK. The total
flavonoid content in the LN group was 4.62 mg/g, while
that in NN was only 1.32 mg/g. The content of proantho-
cyanidins was 0.98 and 0.11 mg/g in the LN and NN group,
respectively (Fig. 6).

Discussion

N is an important essential macronutrients for plants, and its
lack in soil will inhibit crop growth (Ologundudu and Ade-
lusi 2013). Nitrates, ammonium, and various amino acids
can be used and absorbed from the soil by plant roots (Xuan
et al. 2017; Rentsch et al. 2007; Wang et al. 2020a, b). In this
study, we controlled the concentrations of nitrate and ammo-
nium in the soil, combined with transcriptome sequencing

Fig.6 Contents of total A
flavonoids and procyanidins 6
under low-N (LN), N-free
(NN), and control (CK) treat-
ments. A Total flavonoid con-
tent in leaves; B Proanthocya-
nidins content in leaves. Three
biological replicates were
performed. Asterisk indicates
statistically significant differ-
ence (P<0.05)
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technology to analyze the mechanism of tolerance to low
nitrogen. Compared with CK, single genes in LN and NN
groups were down-regulated, suggesting that growth inhibi-
tion under nitrogen deficiency was caused by the damage of
several genes. Meanwhile, several up-regulated genes may
play an important role in yellowhorn resistance to low-N
stress.

In plant growth and resistance to abiotic stress, phenyl-
propane biosynthesis is an important pathway (Wang et al.
2011; Li et al. 2020), with a powerful antioxidant effect,
mainly because several antioxidants (simple or complex phe-
nols) come from it (Dixon and Paiva 1995). Depending on
the stress type, different phenolic compounds can be induced
by up-regulating corresponding biosynthetic enzyme genes
(Dixon and Paiva 1995), with the phenylalanine pathway
being important to promote the synthesis of plant second-
ary metabolites, e.g., phenylalanine ammonia lyase (PAL)
converts phenylalanine into monohydric phenol and dihydric
phenol, which are substrates of polyphenol oxidase (PPO)
(Tomas-Barberan et al. 1997). In general, owing to stress
caused by various abiotic factors (high temperature and
cold, UV-B radiation, physical damage, among others), PAL
activity increases and several phenols accumulate (Solecka
and Kacperska 2003; Sgarbi et al. 2003), e.g., PAL activity
of barley seedlings increased phenolic substance accumula-
tion under NaCl treatment (Wang et al. 2020a, b), and the
expression of PAL-related genes was increased and total
phenol and flavonoid synthesis was in maize under high tem-
perature stress (Wu et al. 2020). Additionally, PAL is one of
the main indicators of environmental pressure in different
plant tissues (Sanchez-Ballesta et al. 2000). Numerous stud-
ies in wheat, rice, and maize have shown that nitrogen star-
vation can rapidly induce ROS outbreaks (Lian et al. 2006,
Trevisan et al. 2012, Hsieh et al. 2018). In this study, we
found that eight genes related to propyl benzene metabolism
were up-regulated in the experimental group, including PAL
(Trinity _ DN 70437 _ C2 _ G6, Trinity _ DN 73556 _ C3
_GI1, TRINITY_DN74117_c0_g2), caffeoyl-COA O-meth-
yitransferase (TRINITY_DN73937_cl_gl), 8-hydroxy-
geraniol dehydrogenase-like (TRINITY_DN73343_c1_gl),
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cytochrome P450 (Trinity _ DN 73127 _ C1 _ G1), caffeoyl-
shikimate esterase (Trinity _ DN 76482 _ C2 _ G1), and
aldehyde dehydrogenase family 2 member C4 (Trinity _ DN
66,962 _ CO _ G1). These results indicate that phenylalanine
metabolism may affect the synthesis of phenolic compounds
under low-N conditions, participating in yellowhorn resist-
ance to low-N stress under low-N conditions.

Plant growth mainly depends on primary metabolism,
while plant defense especially depends on the synthesis
of secondary metabolites, such as flavonoids. Flavonoid is
one of the main downstream branches of the phenylalanine
pathway, which helps plants to resist stress (Li et al. 2020).
Flavonoids have several functions in plants, e.g., ultraviolet
(UV) damage protection agents and antitoxins of pathogens,
reducing oxidative damage (Rajendran et al. 2014), among
others, and their concentrations are usually increased owing
to such factors, e.g., ultraviolet UV-B radiation promotes fla-
vonoid synthesis in ginkgo biloba leaves (Zhao et al. 2020).
In plants, the main biosynthetic pathway of flavonoids is shi-
kimic acid pathway, which provides a common precursor for
phenylalanine synthesis, and is not only used for amino acid
and protein synthesis, but also for that of secondary metabo-
lites (Taiz and Zeiger 2002, Deng et al. 2019). Moreover,
several plants induce flavonoid accumulation in the absence
of N, e.g., Potamogeton amplifolius, Nuphar advena, and
Arabidopsis (Cronin and Lodge 2003; Lillo et al. 2008).
CHS is a key enzyme in flavonoid synthesis and can pro-
duce intermediates for the synthesis of all flavonoids, and
when CHS reactions are strongly constrained, the production
of anthocyanin and nearly all other flavonoids is effectively
eliminated (Clark and Verwoerd 2011). In this study, we
found that CHS expression was affected by the concentration
of mineral elements, with CHS genes (Trinity _ Dn67486 _
CO0 _ G3, Trinity _ Dn69687 _ C2 _ G18) being up-regulated
in all treatments in the experiment. Meanwhile, the contents
of total flavonoids increased significantly in the LN group,
while that in the NN group decreased significantly compared
to that in CK. Therefore, it can be inferred that flavonoids
cannot be synthesized when N concentration is too low.

Anthocyanins, a branch of flavonoids, have several bio-
logical functions in higher plants and are one of the most
widely studied compounds (Tanaka et al. 2008; Qi et al.
2020). Anthocyanins not only provide colors to plants, but
also reduce oxidative damage under biological or abiotic
stress (Jaakola 2013). Anthocyanin biosynthesis is also
affected by external factors, such as light and low tem-
perature, among others (Zhao et al. 2017, Xie et al. 2018).
Anthocyanin synthesis would probably be indicative of the
reduction of photosynthetic capacity to balance the lack of
N. Recent studies have found that low-N conditions also
promote anthocyanin synthesis in plants (Deng et al. 2018;
Meng et al. 2020), and our results were consistent with pre-
vious findings. And anthocyanin synthesis would probably

@ Springer

be indicative of the reduction of photosynthetic capacity to
balance the lack of N. We found that anthocyanin content
was not consistent with the expression level of structural
genes under NN treatment, i.e., the genes related to antho-
cyanin synthesis were up-regulated but the content of antho-
cyanin was lower than that of CK. Therefore, we hypoth-
esized that the decrease of yellowhorn anthocyanin content
in N-free condition was mainly caused by the deficiency of
its precursor, rather than by gene regulation.

In this study, glutathione, arginine, proline, and galac-
tose metabolism were also enriched under hypo-N stress.
Glutathione reductases are antioxidant enzymes that can
effectively scavenge free radicals and protect plant organ-
isms (Begara Morales et al. 2015). Proline is a protective
osmotic-regulatory agent, and at high levels can reduce the
water potential and enhance ROS removal by antioxidants
as in peas and Stipa purpurea (Sanchez et al. 1998; Yang
et al. 2015). In addition, the up-regulated expression of some
genes in arginine metabolism was found in this study, and
we believe that this situation may be a way to promote pro-
line biosynthesis. Galactose, a soluble sugar, also plays an
important role in the plant osmotic regulation, e.g., poplar
can enhance the absorption of water by cells through the
accumulation of soluble sugar (Jia et al. 2016). Our results
showed that glutathione, arginine and proline, and galactose
metabolism were the molecular bases allowing yellowhorn
to resist low-N stress.

Plant hormones play an important role in plant growth,
development, and response to abiotic stress (Bogatek and
Gniazdowska 2007; Verma et al. 2016). A large number of
studies have shown that plant hormones are important com-
ponents of nitrogen stress signal transduction (Sultana et al
2020; Kiba et al. 2011). Plants usually respond to external
stimuli by activating signaling cascades which modify down-
stream gene expression patterns and finally realize physi-
ological and metabolic adaptations (Osakabe et al. 2014).
Previous studies have found that plants may induce the syn-
thesis of abscisic acid, auxin, gibberellin, ethylene and cyto-
kinin when they are nitrogen deficient (Ma et al. 2020; Kang
et al. 2019; Kiba et al. 2011; Merchante et al. 2013). These
hormones, such as ethylene, GAs, ABA, and cytokinin, may
be involved in the regulation of root growth and development
through interactions with auxin (Hu et al. 2020; Kong et al.
2021). In this study, we found that the lower the N concen-
tration, the more developed the root system of yellowhorn.
Auxin, gibberellin, ethylene and cytokinin-related genes
were not up-regulated in our study, and ABA signal trans-
duction-related genes were only up-regulated in the absence
of nitrogen, which was also confirmed by our determina-
tion of ABA content in plants. As BR is a major growth-
promoting steroid hormone that regulates cell elongation
and division and plays an important role in root growth and
development (Belkhadir and Jaillais 2015; Vragovic et al.
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2015). Therefore, we believed that BR regulated root growth
and development of yellowhorn under low-nitrogen stress,
and we also confirmed the increase of BR content in plants.
Ethylene is not only involved in resisting N hunger, but also
plays an important role in anthocyanin synthesis induced by
N deficiency (Zhao et al. 2015). In this study, ethylene was
not induced under low-N stress, but the cytochrome P450
gene involved in its signal transduction pathway and genes
related to proanthocyanidin synthesis were highly expressed
(Tiwari et al. 2020). Moreover, we found that low N sig-
nificantly induced JA signaling pathway and verified that
JA content increased in plants. Since cytochrome P450 is
also involved in jasmonic acid signal transduction, we specu-
lated that jasmonic acid may be involved in anthocyanin
synthesis under low-nitrogen stress. Previous studies have
shown that jasmonic acid and salicylic acid are also related
to the response to low-nitrogen conditions (Lv et al. 2021,
Sun et al. 2020). JA signaling may function by regulating
sugar biosynthesis, amino acid biosynthesis, and absorp-
tion of NH4" (Sun et al. 2020). However, the activation of
JA or SA-mediated defense responses usually comes at the
expense of plant growth (Karasov et al 2017; Campos et al.
2016). Under low-nitrogen stress, compared to those in CK,
yellowhorn plant height decreased by 5.7 and 14.66% after
LN and NN treatment, respectively, and fresh weight also
decreased by 4.38% and 14.93%, respectively. It also seems
to confirm that SA and JA signals synergically mediate yel-
lowhorn's resistance to low-nitrogen stress. Therefore, we
believe that JA, SA, and BR constitute a highly complex
coordinated signal transduction mechanism in yellowhorn.

Conclusion

In summary, we first described yellowhorn physiological
response to low-N stress. The transcriptome data sets of
different yellowhorn genetic materials were obtained using
RNA-Seq technology to explore key genes and metabolic
pathways associated with low N. Our results indicated that
JA, SA, and BR signaling are activated in yellowhorn under
low-N stress. Up-regulated genes involved in the synthesis
of phenylpropyl, flavones, and anthocyanins, as well as some
genes involved in galactose, arginine and proline, and glu-
tathione metabolism were up-regulated to help yellowhorn
fight N hunger. These results expand our understanding of
the N-starvation resistance mechanism in yellowhorn and
provide reference for the breeding of low-N tolerant germ-
plasm in the future.
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