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Abstract 

Background Nitrogen is very important for crop yield and quality. Crop producers face the challenge of reducing the 
use of mineral nitrogen while maintaining food security and other ecosystem services. The first step towards under‑
standing the metabolic responses that could be used to improve nitrogen use efficiency is to identify the genes that 
are up‑ or downregulated under treatment with different forms and rates of nitrogen. We conducted a transcriptome 
analysis of barley (Hordeum vulgare L.) cv. Anni grown in a field experiment in 2019. The objective was to compare 
the effects of organic (cattle manure) and mineral nitrogen (NH4NO3; 0, 40, 80 kg N  ha−1) fertilizers on gene activity 
at anthesis (BBCH60) and to associate the genes that were differentially expressed between treatment groups with 
metabolic pathways and biological functions.

Results The highest number of differentially expressed genes (8071) was found for the treatment with the highest 
mineral nitrogen rate. This number was 2.6 times higher than that for the group treated with a low nitrogen rate. The 
lowest number (500) was for the manure treatment group. Upregulated pathways in the mineral fertilizer treatment 
groups included biosynthesis of amino acids and ribosomal pathways. Downregulated pathways included starch and 
sucrose metabolism when mineral nitrogen was supplied at lower rates and carotenoid biosynthesis and phos‑
phatidylinositol signaling at higher mineral nitrogen rates. The organic treatment group had the highest number of 
downregulated genes, with phenylpropanoid biosynthesis being the most significantly enriched pathway for these 
genes. Genes involved in starch and sucrose metabolism and plant‑pathogen interaction pathways were enriched in 
the organic treatment group compared with the control treatment group receiving no nitrogen input.

Conclusion These findings indicate stronger responses of genes to mineral fertilizers, probably because the slow 
and gradual decomposition of organic fertilizers means that less nitrogen is provided. These data contribute to our 
understanding of the genetic regulation of barley growth under field conditions. Identification of pathways affected 
by different nitrogen rates and forms under field conditions could help in the development of more sustainable crop‑
ping practices and guide breeders to create varieties with low nitrogen input requirements.
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Background
Barley is among the most important temperate cereals, 
being a strategic crop that is widely used for human food 
and beverages as well as animal feed [1]. The world popu-
lation is rapidly growing and is expected to rise to 9.6 bil-
lion by 2050. This highlights the importance of producing 
more foods, particularly wheat and barley, to meet the 
quickly increasing demand and ensure food security. 
The EU Sustainable Development Strategy and the Envi-
ronmental Technologies Action Plan have prioritized 
sustainable consumption and production, including the 
use of environmentally friendly strategies for food pro-
duction. Producing large amounts of food with minimal 
biodiversity loss, greenhouse gas emissions, and nutrient 
leaching is the main challenge for the sustainable intensi-
fication of agriculture [2].

Organic farming, which depends on adding organic 
fertilizers to soils, is a potential means of maintaining the 
organic matter and biodiversity of soil and related ecosys-
tems [3, 4]. Although organic farming is more sustainable 
than conventional methods, in which mineral fertilizers 
and pesticides are used to increase yields, its productivity 
is lower [5, 6]. This yield gap raises concerns about the 
ability of organic farming to meet growing requirements, 
given the increasing world population [7]. Current breed-
ing practices aim to decrease the yield gap between con-
ventional and organic farming over time.

Improvement of soil quality by providing nutrients 
required for plant growth and development through 
biofertilizers is a possible solution. Nitrogen is a crucial 
component of key macromolecules in plants and is essen-
tial for leaf growth, stem elongation, an increase of tiller 
number, grain size, and yield of crops [8]. Therefore, the 
development of physiological and morphological traits of 
cereals, and subsequently their yield, depends on access 
to external nitrogen in agricultural soil [9]. In addition 
to soil amendment, modern breeding has been imple-
mented to increase yields by exploiting genetic diver-
sity and traits that have not yet been incorporated into 
elite cultivars from other cultivars and species [10], or by 
manipulating genes responsible for nutrient uptake and 
assimilation [11].

Many RNA sequencing (RNA-seq) studies have been 
performed to identify barley mRNAs at different scales, 
including genome-wide or condition/tissue/inoculation-
specific studies. Quan et al. (2019) reported a difference 
in the transcriptome profiles of two wild barley cultivars 
exposed to low nitrogen conditions [12]. Transcriptome 
analysis showed that the two cultivars employed diverse 
strategies in response to heat and drought stress [13]. In 
other studies, candidate genes mediating salinity toler-
ance were identified by RNA-seq transcriptomic analysis 
in barley [14, 15]. The same method was used to detect 

genome-wide variations in barley induced by disease and 
gamma radiation [16, 17]. The results of those studies 
indicated that the responses of barley to biotic and abi-
otic stresses are mediated by the induction or repression 
of various sets of genes at specific times. However, no 
studies have yet demonstrated the actual impact of crop-
ping systems on barley transcriptomic profiles.

In our pilot study, we found that barley ammonium 
transporters HvAMT1;1 and HvAMT2;1 were down-
regulated until heading under all treatments with added 
mineral fertilizers. HvAMT1;1 was significantly upregu-
lated under conventional treatments compared with 
organic treatments. We concluded that under field con-
ditions, nitrogen remobilization was stimulated at the 
anthesis growth stage, depending on nitrogen availability 
in source organs [9], leading to improvements in nitro-
gen re-assimilation and optimization of nitrogen balance 
in plants [18, 19]. However, several genes are regulated 
by the available nutrients; investigation of changes in 
the barley transcriptome under different fertilization 
strategies is thus expected to provide insights into how 
fertilization management influences gene expression dur-
ing barley development. Our aim was to investigate the 
effects of (i) mineral fertilizers, (ii) organic fertilizer (cat-
tle manure), and (iii) pesticides on gene expression pat-
terns under field conditions.

Methods
Plant materials and fertilization management
The experiment was conducted at the experimental field 
of the Estonian University of Life Sciences (58° 22′N, 26° 
40′E) in a long-term crop rotation experiment started in 
2008 and maintained since. The experimental design has 
been previously described in detail [9, 20]. Crop rota-
tion includes spring barley (Hordeum vulgare L.) under-
sown with red clover, red clover (Trifolium pratense L.), 
winter wheat (Triticum aestivum L.), field pea (Pisum 
sativum L.), and potato (Solanum tuberosum L.) in that 
order. Certified grains of barley cv. Anni were purchased 
from the Estonian Crop Research Institute (www. etki. ee). 
The grains were sown on May 8, 2019 (500 germinating 
grains per  m2, row spacing 12.5 cm) and grown using con-
ventional and organic cropping systems. In the conven-
tional system, the control group N0 received no fertilizer, 
whereas treatment groups N1 and N2 received mineral 
nitrogen (N) at rates of 40 and 80 kg  ha–1  y–1, respectively. 
Mineral potassium (K) and phosphorus (P) were added 
to the soils of all conventional systems, except for N0, 
at rates of 95 and 25  kg   ha–1y–1, respectively. Herbicide 
(MCPA, 1.0  l   ha–1) and insecticide (Proteus, 0.75  l   ha–1) 
were applied on 10.06.2019 in all conventional treatment 
groups. The organic cropping system included two dif-
ferent treatments: the control Org0, without additional 

http://www.etki.ee
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fertilizers; and Org2, with cover crops and fully composted 
cattle manure applied at a rate of 10 t  ha–1. Barley samples 
(10 plants for each biological replicate, with a total of four 
biological replicates for each treatment) were collected on 
03.07.2019 at the anthesis growth stage (Biologische Bun-
desanstalt, Bundessortenamt and Chemical Industry = 60 
and growing degree days (GDD) = 617.30 °C). The above-
ground parts of plants were ground into powder and kept 
at − 80  °C until subjected to RNA-Seq analysis. The field 
experiment and all methods used for this study complied 
with relevant institutional, national and international 
guideline and legislation.

Chemical analysis and quality measurement
Nitrogen contents of the leaves at the anthesis growth 
stage and grains after harvesting the barley were meas-
ured by the dry combustion method on a varioMAX 
CNS elemental analyzer (ELEMENTAR, Germany). The 
yield and 1000-kernel weight of samples grown under 
each treatment group were measured.

Library construction and RNA sequencing
Total RNA was isolated using an RNeasy Plant Mini Kit 
(Qiagen, Germany) from 100 mg of ground samples. The 
quality of extracted RNA was assessed by 1% agarose gel 
electrophoresis, its purity was monitored using a Nano-
Photometer® spectrophotometer (Implen, Germany), 
and its integrity and quantity were measured with an 
RNA Nano 6000 Assay Kit on a Bioanalyzer 2100 instru-
ment (Agilent Technologies, CA, USA). One micro-
gram of total RNA per sample (20 samples in total: five 
different treatments, N0, N1, N2, Org0, and Org2, with 
four biological replicates) was used to construct librar-
ies with a NEBNext® UltraTM RNA Library Prep Kit for 
Illumina® (NEB, MA, USA) according to the manufac-
turer’s recommendations, using poly-T oligo-attached 
magnetic beads to purify the mRNA. PCR products 
and libraries were purified using an AMPure XP system 
(Beckman Coulter, Beverly, USA), and their quality was 
analyzed with a 2100 Bioanalyzer Instrument (Agilent, 
CA, USA). Finally, libraries were clustered and subse-
quently sequenced on an Illumina platform, NovaSeq 
6000, PE150, by Novogene Co., Ltd (Cambridge, UK) to 
generate 150-bp paired-end reads.

Read pre‑processing and mapping to genome
The quality of raw reads (FASTQ format) was controlled 
and processed using fastp (version 0.22.0) [21]. Reads 
with poly-N or adapter sequences and low-quality reads 
were removed. Q20, Q30, and GC contents of the reads 
were obtained. Clean paired-end trimmed reads of high 
quality mapped to a reference genome (ftp:// ftp. ensem 
blgen omes. org/ pub/ plants/ relea se- 51/ fasta/ horde um_ 

vulga re/ dna/) downloaded from the Ensembl Plants 
database using HISAT2 (version 2.2.1) [22] with genome 
indexes built by hisat2-build.

Read quantification and differential expression analysis
SAMtools (version 1.12) was used to sort mapped SAM 
files, and featureCounts (version 2.0.2) was used to count 
the number of reads mapped to each gene with sorted 
mapped SAM files and gene annotation files (ftp:// ftp. 
ensem blgen omes. org/ pub/ plants/ relea se- 51/ gff3/ horde 
um_ vulga re) downloaded from the Ensembl Plants data-
base as inputs [23]. Fragments per kilobase of transcript 
sequence per million base pairs sequence (FPKM) values 
were calculated for each gene, based on the gene length 
and count of reads aligned to the gene, to estimate gene 
expression levels [24]. The VennDiagram R package was 
used to construct venn diagram to compare the num-
bers of genes expressed in different groups. Differentially 
expressed genes (DEGs) between two groups were iden-
tified with the DESeq2 R package (version 1.28.1) [25] 
with a threshold of adjusted P value (p-adj) < 0.05, using 
the Benjamini–Hochberg’s method [26, 27] to control the 
false discovery rate (FDR). Hierarchical clustering analy-
sis of DEGs was used to find genes with similar expres-
sion patterns among different treatment groups.

Validation of RNA‑seq analysis by real‑time quantitative 
PCR
Total RNA was isolated using RNeasy Plant Mini Kit 
(Qiagen, Germany) from 100  mg of ground samples, 
and the quality and quantity of the extracted RNA were 
assessed using a NanoDrop 2000 spectrophotometer 
(Thermo Scientific, USA) and 1% agarose gel electro-
phoresis, respectively. To remove genomic DNA con-
tamination, isolated RNA was incubated with DNase 
I and RiboLock RNase Inhibitor (Thermo Scientific, 
USA) following the manufacturer’s instructions. Two 
micrograms of RNA was used as a template to syn-
thesize the first strand of cDNA using FIREScript RT 
cDNA Synthesis MIX with oligo (dT) and random 
primers (Solis BioDyne, Estonia) according to the 
manufacturer s’ instructions. To validate the reliability 
of expression patterns acquired by RNA-seq, 16 dif-
ferentially up- and downregulated genes from among 
the DEGs were randomly selected for RT-qPCR. Spe-
cific primers for the selected genes were designed using 
the Oligo 7 software, version 7.60 (Molecular Biol-
ogy Insights, Inc., Cascade, CO, USA) based on CDS 
region sequences from the EnsemblPlants database 
and are listed in Table  1. Gene amplification was per-
formed using a QuantStudio™ 6 Pro Real-Time PCR 
System (Applied Biosystems, Germany) using 5 × HOT 
FIREPol® EvaGreen® qPCR Supermix (Solis BioDyne, 

ftp://ftp.ensemblgenomes.org/pub/plants/release-51/fasta/hordeum_vulgare/dna/
ftp://ftp.ensemblgenomes.org/pub/plants/release-51/fasta/hordeum_vulgare/dna/
ftp://ftp.ensemblgenomes.org/pub/plants/release-51/fasta/hordeum_vulgare/dna/
ftp://ftp.ensemblgenomes.org/pub/plants/release-51/gff3/hordeum_vulgare
ftp://ftp.ensemblgenomes.org/pub/plants/release-51/gff3/hordeum_vulgare
ftp://ftp.ensemblgenomes.org/pub/plants/release-51/gff3/hordeum_vulgare
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Estonia) according to the supplier’s instructions. Ther-
mal cycling conditions comprised an initial activation 
for 12  min at 95  °C, followed by 45 cycles of amplifi-
cation (at 95  °C for 15  s, 54  °C for 25  s, and 72  °C for 
25  s). Post-amplification melting-curve analysis was 
undertaken by increasing the temperature from 50  °C 
to 95  °C to examine reaction specificity. All reactions 
were performed in five biological and three techni-
cal replicates. The expression value of each gene was 
normalized against HvAct (accession number HOR-
VU1Hr1G002840.1) and HvGAPDH (accession number 
HORVU6Hr1G032070.1), which have been validated 
by Guo et  al. (2020) [28] and Quan et  al. (2019) [12] 
as reliable housekeeping genes in shoots of barley at 

different growth stages and under different stress con-
ditions. The primer efficiency for each pair of primers 
was determined by the latest version of the LinReqPCR 
program (version 2017.1) by calculating the average of 
all individual PCR efficiencies per amplicon. Relative 
gene expression values were calculated by the  2–ΔΔCT 
method according to the comparative threshold cycle 
[29].

Enrichment analysis
The clusterProfiler R package (version 4.0.0) was used for 
gene ontology (GO) enrichment analysis of DEGs [30]. 
The GO terms with p-adj < 0.05 were considered to show 
a significant enriched function of DEGs. Similarly, the 
clusterProfiler R package was used to examine statisti-
cally enriched DEGs in Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways [31].

Protein–protein interactions (PPIs)
A PPI network of DEGs was created through blastx 
alignment by searching the STRING protein interaction 
database (http:// string- db. org/) and imported into the 
Cytoscape (version 3.9.1) software [32] for visualization 
and editing.

Results
Chemical and quality measurement
The nitrogen content of leaves and grains of plants grown 
under conventional treatments N1 and N2 was higher 
than those in organic treatment Org2 (Table  2). Treat-
ments N1 and N2 had significantly higher total pro-
tein content. The highest 1000-kernel weight and yield 
were observed in treatment N2, 45.2  g and 3.35 t  ha–1, 
respectively.

RNA‑seq data quality and read mapping
In this study, a total of 938,343,621 raw reads were gener-
ated from 20 cDNA libraries through Illumina sequenc-
ing. After trimming the adaptor sequences and removing 
low-quality reads, a total of 919,073,637 clean reads were 
obtained; the complementary information of each sample 
is presented in File S1. An average of 84.73% clean reads 
were mapped to the H. vulgare L. reference genome using 
HISAT2, of which 75.68% reads were aligned to unique 
locations in the genome (File S2). Exon-mapped reads 
were the most abundant reads in all samples, accord-
ingly for more than 90%, whereas intron- and intergenic-
mapped reads represented a small percentage of the 
reads (Figure S1).

Evaluation of gene expression levels
The number of reads mapped to the genome or to exons 
was used as a factor to represent the abundance of 

Table 1 The primers used for validation of RNA‑Seq by qRT‑PCR

Accession Number Primer Sequence (5´‑ 3´) PCR 
Product 
(bp)

HORVU5Hr1G114130.1 F: CGT CCC ACC ATT ACC ACA CATC 129

R: ACA CCA TCG GCT TCT TCC ATC 

HORVU2Hr1G119470.1 F: ACG GCA AGG GAG GAG AGC 79

R: CTT CTC CCC CTC CCT TGC T

HORVU6Hr1G017460.1 F: CCT CCG CCT GAT CTC CAT CTAT 92

R: TCG TAT GCA TGC TTC CTT CGTC 

HORVU2Hr1G124020.1 F: GGG CTC GGA CAA GTG GAT 110

R: AAC GGA TGG CAA GAG GGG 

HORVU2Hr1G001740.1 F: AAC GAG GCA TGC AGT GAT GG 93

R: GGG TGT GGC GAT GAT GTA GC

HORVU2Hr1G119420.1 F: GAG CGC GGC AAG GAG GAG 84

R: CTT GGT CAG GCA GCT CTT GG

HORVU5Hr1G056740.1 F: CCA ACA TCA ACC CCG CCA AG 114

R: TGT TGG GCG TGG AGA AGT GG

HORVU7Hr1G116330.1 F: AAG GAA TCA TGG CCG AAT GTG 114

R: ATG GAT TGT ACA CGC ATG CTAG 

HORVU1Hr1G005460.1 F: CCG CAA ATC CCC GAA CAA TTCC 93

R: CGA CTG TTG TTG GGG TTG GGA 

HORVU1Hr1G084510.1 F: CTC GCT CAC GCC GTC ACC 104

R: CCG CTC TCA CCC CAC GTC 

HORVU1Hr1G000680.1 F: GGT GGG TCA ATG TGT GCT CG 103

R: GGA TGG AAC GGA CTG CAA CAC 

HORVU2Hr1G122890.1 F: CCT CGC CCA TGA TCT ACC AGC 125

R: CTT GGC GAT GTA CTT GGT GGGG 

HORVU5Hr1G056030.1 F: GTG CTG GCG CTC ATC GTG G 107

R: CCC GAC GAC ACG AAC CCA G

HORVU1Hr1G059900.1 F: GCA GCA GAA CCT CGC CGA A 78

R: TCG CTG TAA CCC TCC TGC C

HORVU7Hr1G097730.1 F: TAT GAT CCC AGC GCA AAC CC 102

R: CAT CTC CTG CCA CAA CAT TTCC 

HORVU5Hr1G004510.1 F: ACC TGC AAC GAC ACA AGA AGC 115

R: CAC GCT GGA GAT GGT CTT TTGT 

http://string-db.org/
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transcripts and was calculated using featureCounts (File 
S3). The FPKM, a common estimate measure of expres-
sion levels, was calculated based on both gene length 
and the effect of sequencing depth on read counts (File 
S4); FPKM > 1 was used as the threshold for the expres-
sion of a gene. When gene expression levels under differ-
ent treatments were compared, overall expression levels 
of barley genes were found to be higher in the N1 group 
although similar FPKM distributions were found among 
treatments (Fig.  1A and File S5). Pearson’s correlation 
coefficients were calculated for samples, and a matrix was 
constructed based on the FPKM of each sample (Fig. 1B). 
Biological replicates had higher similarity and correla-
tion coefficients closer to 1 (the lowest values were found 
for N1 biological replicates), confirming the reliability 
and selection of samples, as well as closer expression 
patterns, as confirmed by three-dimensional principal 
component analysis (Fig. 1C). These results demonstrate 
that the observed divergences were driven by the differ-
ent fertilization regimes. The Venn diagram showing the 
numbers of genes uniquely expressed in each treatment 
group (Fig.  2) indicated that the expression of certain 
genes was induced by the different fertilization man-
agement methods. The highest and lowest numbers of 
uniquely expressed genes were found for N1 and Org2, 
respectively.

Identification of differentially expressed genes
The read counts obtained from gene expression analy-
sis were used to find DEGs with the DESeq2 R package. 
DEGs were identified in six different pairwise compari-
sons: N1 vs. N0, N2 vs. N0, Org0 vs. N0, Org2 vs. N0, 
Org2 vs. Org0, and Org2 vs. N2. The highest number of 
DEGs was found for N2 (8071) vs. N0, whereas N1 had 
fewer DEGs (3095) compared with N0 as a control. The 
Org2 vs. Org0 comparison yielded the lowest number 
of DEGs (500) (File S6 and Figure S2). More biochemi-
cal and physiological alterations took place in plants 
in the N2 group compared with other fertilization 
regimes, indicating stronger genetic regulation under 

this treatment. The distribution of DEGs and num-
bers of up- and downregulated genes of each pairwise 
comparison are presented in Fig.  3. N1, N2, and Org0 
had more upregulated genes whereas Org2 had more 
downregulated genes compared with N0. Five percent 
of upregulated genes and 3.9% of downregulated genes 
were identical in four different pairwise comparisons 
with N0 (File S6), whereas 8.7%, 21.2%, 10.7%, and 6.4% 
of upregulated genes and 5.4%, 28%, 17.6%, and 5.4% of 
downregulated genes were unique to N1, N2, Org0, and 
Org2, respectively. Hierarchical clustering analysis of dif-
ferential expression showed that certain clusters of genes 
with similar expression patterns were expressed at higher 
levels under specific treatment conditions (Fig. 3G), indi-
cating involvement in the same biological activities.

Validation of RNA‑seq data
The qRT-PCR fold changes in the expression of 16 
selected genes (four genes from each comparison) were 
consistent with the RNA-seq data. Linear regression 
analysis revealed a strong correlation between the qRT-
PCR results and the sequencing data, with a correlation 
coefficient of 0.9837, thereby validating the sequencing 
procedure (Fig. 4).

GO annotation and KEGG enrichment analysis of DEGs
Enrichment analysis was carried out to determine which 
biological functions or pathways were most associated 
with DEGs. GO analysis was performed with respect to 
biological processes, molecular functions, and cellular 
components. The GO terms associated with the DEGs 
are listed in File S7. In the N1 vs. N0 pairwise com-
parison, highly enriched GO biological process terms 
included stress and abiotic stimulus, as well as response 
to acid chemical and inorganic substances, whereas the 
most enriched GO molecular function terms were hydro-
lase, peroxidase, and antioxidant activity (Fig.  5A and 
B). Active cellular components were extracellular region 
and apoplast (Fig.  5C). In the N2 vs. N0 comparison, 
enriched GO included amide and peptide metabolism 

Table 2 Nitrogen content, protein content, 1000‑kernel weight and yield of barley samples under different treatments

Star represents the significant differences (P ≤ 0.05) between groups

Treatments

N0 N1 N2 Org0 Org2

Nitrogen content (leaves) (%) 1.29 ± 0.12 1.83 ± 0.14* 2.30 ± 0.05* 1.40 ± 0.21 1.65 ± 0.13*

Nitrogen content (grains) (%) 1.79 ± 0.05 1.92 ± 0.05* 2.16 ± 0.05* 1.50 ± 0.04* 1.51 ± 0.01*

Protein content (%) 11.01 ± 1.24 12.59 ± 0.49* 14.28 ± 0.82* 10.57 ± 0.67 10.70 ± 1.01

1000‑kernel weight (g) 44.19 ± 0.15 44.41 ± 0.38 45.21 ± 0.24* 43.81 ± 0.15 44.19 ± 0.26

Yield (t/ha) 1.82 ± 0.68 3.19 ± 1.59 3.35 ± 0.97* 2.31 ± 0.57 2.69 ± 0.72
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Fig. 1 Distribution of FPKM (A), correlation coefficient matrix (B), and principal component analysis (PCA) result (C) of barley 
samples under different treatments. (note: box plots include maximum, upper quartile, mid‑value, lower quartile and minimum)
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and chromatin and nucleosome assembly (biological pro-
cesses), structural constituent of ribosome and molecule 
activity (molecular functions) and ribosome, nucleo-
some and intracellular organelles (cellular components) 
(Fig.  5D-F). In both the Org0 vs. N0 and Org2 vs. N0 
comparisons, enriched GO terms included amide and 
peptide metabolism and translation process (biological 
processes), structural and regulatory activity (molecular 
functions) and ribosome, intracellular organelles, exter-
nal encapsulating structure and cell wall (cellular compo-
nents) (Fig. 5G-L).

KEGG analysis was carried out to annotate DEGs at 
the pathway level; the identified pathways are listed in 
File S8. In the N1 vs. N0 pairwise comparison, the fruc-
tose and mannose metabolism and biosynthesis of amino 
acids pathways were significantly upregulated whereas 
the starch and sucrose metabolism pathways showed 
significant downregulation (Fig. 6A and B). In the N2 vs. 
N0 comparison, the enriched ribosome, oxidative phos-
phorylation, and biosynthesis of amino acids and carbon 
metabolism pathways were substantially upregulated, 
but the carotenoid biosynthesis and phosphatidylinositol 
signaling system pathways were considerably downregu-
lated (Fig. 6C and D). Among the significantly enriched 
pathways in both the Org0 vs. N0 and Org2 vs. N0 com-
parisons, ribosome, carbon metabolism, and biosynthe-
sis of amino acids pathways were strongly upregulated. 
The carbon metabolism, plant-pathogen interaction, and 
photosynthesis pathways in the Org0 vs. N0 comparison 
and the porphyrin and chlorophyll metabolism, photo-
synthesis, and phenylpropanoid biosynthesis pathways 

in the Org2 vs. N0 comparison showed significant down-
regulation (Fig. 6E-H).

Construction of PPI networks
PPI networks were constructed for up- and down-
regulated genes with log2 fold change ≥ 3 were con-
structed. In the N1 vs. N0 pairwise comparison, PHO 
(α-1,4 glucan phosphorylase), CSY (citrate synthase), 
thiroredoxin and PER1(1-Cys peroxiredoxin), which 
were among the upregulated proteins (Fig.  7A), and 
ATG (autophagy-related protein 3) and COP (Wd 
repeats region), which were among downregulated pro-
teins, had the highest interactions with other portions 
(Fig. 7B). Upregulated proteins rpl (50S ribosomal pro-
tein L16), rps (S5 DRBM domain-containing protein) 
and rpsE and downregulated proteins TOP (hatpase_c 
domain-containing protein), TRE (trehalase) and TPS 
(glyco_transf_20 domain-containing protein) in N2 vs. 
N0 comparison had the highest interactions (Fig.  7C 
and D). The PHO and AMY (α-amylase) had the high-
est interactions with other proteins among both up- and 
downregulated proteins in both the Org0 vs. N0 and the 
Org2 vs. N0 pairwise comparisons (Fig. 7E–H).

Discussion
Effects of mineral fertilizers
The growth and development of plants mainly depend on 
the type of nutrients available in the soil and the rate at 
which they are available. Nitrogen, potassium, and phos-
phorus are the most important macronutrients for plant 
growth and development, and their deficiencies directly 

Fig. 2 Venn diagrams of expressed genes in barley aboveground parts under different treatments
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Fig. 3 Volcano plot of barley DEGs in N1 vs. N0 (A), N2 vs. N0 (B), Org0 vs. N0 (C), Org2 vs. N0 (D), Org2 vs. Org0 (E), and Org2 vs. N2 (F). Red dots 
represent upregulated genes, green dots represent downregulated genes, and blue dots represent no significant difference in gene expression 
level. Hierarchical clustering heatmap graph using log2 (FPKM + 1) value (G). Red color represents genes with high expression levels; blue color 
represents genes with low expression levels
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lead to reductions in crop yields [33]. We have  studied 
the effect of different mineral nitrogen rates and organic 
fertilizers on crop yield and quality since 2008. Most 
times the mineral fertilization resulted in 24% higher 
total yield [20]. The barley yield was also higher in con-
ventional treatment N2 (3.35 t  ha–1) compared with other 
treatments in 2019. We have grown the barley variety 
Anni, which was developed 30 years ago to perform well 
in low- and high-nutrient systems. However, there is a 
need to breed new varieties that would yield well with 
limited nutrients and in organic conditions. Therefore, 
the knowledge of DEGs of plants grown under these con-
ditions is needed. Our results showed that the combined 
application of NPK increased the overall expression lev-
els of genes, and increased the number of DEGs between 
plants grown under N1 or N2 conditions compared with 
those grown under control conditions (N0).

In the low-nitrogen treatment group, N1, the DEGs 
were frequently involved in biological processes including 
response to acid chemicals and inorganic substance and 
response to stress, as a result of mineral nitrogen being 
taken up by plants. Based on our previous analysis, one 
reason for this could be the low soil pH (5.72) that results 
from long-term mineral fertilization [20]. In addition, the 
MAPK signaling pathway, which is activated by different 
stress stimuli [34], was one of the enriched pathways in 
treatment N1. An upregulation of abscisic acid receptor 
PYL9-like isoform X1 (PYR/PYL) and a downregulation 
of mitogen-activated protein kinase 1/2 (MPK1_2) in 
stress adaptation cascade of this pathway were observed 
(Figure S3 and Table S1). The MAPK also is involved in 
plant growth and development [35]. The DEGs in the N1 

group were significantly involved in pathways includ-
ing amino acid biosynthesis, cysteine and methionine 
metabolism, glutathione metabolism, fructose and man-
nose metabolism, and starch and sucrose metabolism. 
In the enriched plant hormone signal transduction path-
way, an increase in expression of auxin transporter-like 
protein 1 (AUX1), auxin-responsive protein IAA (AUX-
IAA) induced cell elongation and plant growth through 
tryptophan metabolism (Figure S4). An upregulation of 
ethylene receptor (ETR) for inducing senescence in the 
barley hormone signal transduction pathway was shown 
through the cysteine and methionine metabolism. It has 
been reported that nitrogen supplementation affects the 
biosynthesis of amino acids in rice, Arabidopsis, and tea 
[36–38]. The enriched nitrogen metabolism pathway 
increased assimilatory nitrate reduction by upregulating 
ferredoxin-nitrite reductase (NR) and ferredoxin-nitrite 
reductase (NirA) genes (Figure S5). Our results showed 
that nitrogen content in leaves and grains was signifi-
cantly higher in the N1 group than in the control group, 
thus indicating higher protein content (Table 2).

Furthermore, the metabolism of sulfur, which is an 
essential element of amino acids including methionine, 
cysteine, and glutathione, depends on nitrogen availabil-
ity [39]. In the sulfur metabolism pathway, the expres-
sion of cysteine synthase and serine acetyltransferase 
1 increased (Figure S6). The nitrogen status also influ-
ences the activity of RuBP carboxylase/oxygenase and 
other enzymes engaged in photosynthesis [40], leading 
to changes in fructose, sorbitol, sucrose, and glucose 
content in plants. Downregulation of genes involved 
in starch metabolism including glucose-1-phosphate 

Fig. 4 Expression validation of 16 DEGs of barley under different treatments
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adenylyltransferase, soluble starch synthase 2–2, and 
1,4-alpha-glucan-branching enzyme 2 was shown (Fig-
ure S7). The PHO, which was among the high-interac-
tion proteins, is involved in starch metabolism [41]. 
Since mitochondrial activities have to be associated with 
photosynthesis, regulation of the  TCA cycle and CSY 
activity is important for plants. The CSY as one of the 
important enzymes involved in carbon metabolism in 

cooperation with enzymes engaged in nitrogen metab-
olism improves NUE in plants, which could be a use-
ful strategy for decreasing the application of inorganic 
nitrogen fertilizers in the agricultural field [42]. The 
ATG, which maintains cellular homeostasis as well as 
protecting plant cells from nitrogen depletion or car-
bon starvation [43], had the highest interactions with 
other proteins in the network. The ATG expression was 

Fig. 5 GO Enrichment Histogram of top 20 enriched terms associated with barley DEGs of N1 vs. N0 in biological processes (A), molecular functions 
(B), and cellular components (C); N2 vs. N0 in biological processes (D), molecular functions (E), and cellular components (F); Org0 vs. N0 in biological 
processes (G), molecular functions (H), and cellular components (I); and Org2 vs. N0 in biological processes (G), molecular functions (N), and cellular 
components (L)
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Fig. 6 KEGG Enrichment Scatter Plot of top 20 enriched terms associated with barley DEGs. Up‑ (A) and downregulated (B) pathways of barley in 
N1 vs. N0; up‑ (C) and downregulated (D) pathways of barley in N2 vs. N0; up‑ (E) and downregulated (F) pathways of barley in Org0 vs. N0; and 
up‑ (G) and downregulated (H) pathways of barley in Org2 vs. N0. The horizontal axis is customized as GeneRatio and the vertical axis is customized 
as the Term’s description. The size of every dot represents the number of the DEGs and the color of each dot indicates the Q‑value range
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decreased because the amount of applied nitrogen added 
to the soil prevented deficiency in plants; this was sup-
ported by the relatively good yield (3.19 t  ha–1).

In the medium-nitrogen treatment group, N2, where 
80 kg  ha–1  y–1 mineral nitrogen was applied, the number 
of DEGs was 2.6 times higher than that in the N1 treat-
ment group, highlighting the impact of nitrogen on the 
expression patterns of genes. The nitrogen content in 
leaves and grains of plants grown under N2 conditions 
was the highest compared with all other studied treat-
ments (2.3%). In addition, the N2 group had significantly 
higher 1000 kernel weight and yield compared with the 
control and N1 groups. The upregulation of the AUX1 
and jasmonic acid-amido synthetase JAR2 isoform X1 
(GH3) induced plant growth through tryptophan metab-
olism while the downregulation of ethylene insensitive 
3-like 1 protein (EIN3) reduced the senescence through 
cysteine and methionine metabolism in the plant hor-
mone signal transduction pathway (Figure S8), indicating 
that the plant development lasts longer to increase the 
yield. These DEGs were often involved in the biological 
processes of biosynthesis and metabolism of amides and 
peptides, as well as translation and assembly of nucle-
osomes. As higher amount of available nitrogen was pre-
sent in the soil, plants expressed genes involved in the 
biosynthesis of amides and amino acids (peptides) that 
are responsible for nitrogen transport through the xylem 
and phloem [44]. An increased expression of NR and 
NirA was also observed in the nitrogen metabolism path-
way in treatment N2 compared with N0 (Figure S9).

The DEGs in the N2 group were significantly involved 
in ribosome pathways, oxidative phosphorylation, pro-
tein processing and export, amino acid biosynthesis, 
and carbon metabolism. Upregulation of genes in the 
pathway of carbon fixation in photosynthetic organ-
isms provides both the energy and the C-skeletons for 
the assimilation of ammonium during the biosynthesis 
of amino acids. In our previous study, the expression of 
HvAMT1;1 increased in N2 compared to treatments N0 
and N1 at the anthesis growth stage, highlighting more 
nitrogen is needed to be transported to the head for the 
grain filling. Additionally, it has been reported that the 
availability of nitrogen induces protein biosynthesis, 
ribosome biogenesis, and proteasome activity [45], con-
sistent with a study by Yu et  al. (2017) [46]. The upreg-
ulation of signal recognition particles (SPR72, SPR14, 
SPR19, and SPR68), signal peptidases including signal 

peptidase complex subunits 1, 2, and 3 (SPCS1, SPCS2, 
and SPCS3), and signal peptidase complex catalytic sub-
unit SEC11A-like showed that plant is more engaged in 
protein biosynthesis by facilitating the protein transloca-
tion processes (Figure S10). Therefore, the plant needs 
more energy for driving cellular functions, which the 
ATP is provided by oxidative phospholylation pathway by 
upregulation of NADH dehydrogenases (Ndufs1, Ndufs4, 
Ndufs5, Ndufs6, Ndufs7, Ndufs8, Ndufv1, and Ndufv2) 
(Figure S11).

Two key upregulated proteins (rps and apl), which 
had the highest interactions, were related to ribosome 
pathways, indicating that increasing the nitrogen rate 
in the soil causes ribosomal proteins to be significantly 
expressed and to participate first in their own biogene-
sis and assembly and then to regulate protein synthesis. 
Barley grains grown under treatment N2 had higher pro-
tein content than those in treatment N1 (12.5 vs. 14.2%). 
Similarly, as part of the same field experiment, we stud-
ied another cereal, wheat, and found that the N2 group 
contained significantly more protein than N1 wheat (11.6 
vs. 12.9%) [47]. The downregulation of TRE, one of the 
important proteins with high interactions, which stabi-
lizes dehydrated proteins, enzymes, and lipid membranes 
as well as protecting biological structures against dehy-
dration damage [48], showed that sufficient water (51 and 
41  mm precipitation in June and July, respectively) was 
available for plants to grow despite having averagely high 
air temperate in June and July (18.6 and 16.4 °C, respec-
tively), which led to having a good yield. It was reported 
that exogenous TRE enhances growth and develop-
ment under low-nitrogen conditions by upregulating 
the metabolism of nitrogen [49], supporting that plants 
grown under this treatment did not suffer from low 
nitrogen.

Effects of organic fertilizers
The lowest number of DEGs was observed in Org2. Simi-
larly, Tenea et al. (2012) reported that the number of dif-
ferentially expressed transcripts of wheat samples grown 
under organic treatment was lower than that of conven-
tional samples when both groups were compared with 
the no-nitrogen sample [50]. The DEGs between the 
Org2 and Org0 groups were involved in the polysaccha-
ride and glucan metabolic process and stress response 
(Figure S12). As the decomposition of organic fertiliz-
ers occurs gradually, less nitrogen is provided to plants 

(See figure on next page.)
Fig. 7 Protein–protein interaction networks. PPI network of Up‑ (A) and downregulated (B) DEGs of barley in N1 vs. N0; PPI network of up‑ (C) and 
downregulated (D) DEGs of barley in N2 vs. N0; PPI network of up‑ (E) and downregulated (F) DEGs of barley in Org0 vs. N0; and PPI network of 
up‑ (G) and downregulated (H) DEGs of barley in Org2 vs. N0. Lines indicate interactions between proteins and color intensity (from red to yellow) 
represents the rank of connection degree
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Fig. 7 (See legend on previous page.)
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compared with those treated with mineral fertilizers, 
leading to an increase in the polysaccharide content of 
plants [51]. Nitrogen metabolism pathway and particu-
larly expression of NR and NirA, which have been upreg-
ulated under treatments with mineral fertilizers, did not 
change in treatment Org2 (Figure S13). Upregulated 
DEGs were significantly involved in the phenylpropa-
noid biosynthesis pathway (Figure S14). The expression 
of beta-glucosidase 1 and peroxidase 70-like, which are 
involved in  the metabolism of coumarine and lignin, 
respectively, increased in the phenylpropanoid biosyn-
thesis pathway (Figure S15). It has been reported that an 
elevated C: N ratio, resulting from either adding an exter-
nal carbon input or decreasing mineral nitrogen avail-
ability, leads to an increase in phenylpropanoid metabolic 
activity [52, 53]. Our results showed that although the 
nitrogen content in leaves of plants grown under Org2 
conditions was higher than those of the control and Org0 
group, it was significantly less than those of plants grown 
under conventional treatments with low or medium 
amounts of mineral nitrogen. Furthermore, the nitrogen 
content in grains of Org2 was the same as Org0 (1.51%), 
which could be due to early dried leaves not allowing the 
translocation of nitrogen. In our previous experiment, 
the expression of AMTs did not alter under Org2 when 
compared with the control.

On the other hand, in Org2, more organic carbon 
is provided by cover crop residues and cattle manure, 
which increase microbial biomass and activity, leading 
to producing extracellular mucilaginous polysaccha-
rides [54, 55]. Previously, we have shown that microbial 
diversity increased in organic treatments [56]. Therefore, 
plants could enhance the production of carbon-based 
secondary metabolites through the phenylpropanoid 
pathway. It has also been reported that organically culti-
vated winter wheat contains more secondary metabolites 
compared with plants grown under conventional treat-
ments [57]. Therefore, polysaccharide content depends 
on C: N ratio. Glucans, as one of the well-known poly-
saccharides in nature, have different roles in the struc-
ture of the cell wall as well as they are an energetic 
source for metabolism [58]. Among the DEGs, endo-1,4-
β-glucanases (EGs) were highly expressed. The EGs have 
an important role in improving the yield and quality of 
bakery products and animal feed [59]. The Org2 group 
had higher yield when compared with Org0 (2.69 vs. 2.31 
t  ha–1). In addition, our results showed that the  extra-
cellular region, cell wall, cell periphery, and apoplast 
were active cellular components, indicating an impor-
tant regulatory role of polysaccharides in plant growth 
and development and in responses to environmental 
changes.

The PORA (dehydrogenases/reductases (SDR)) fam-
ily had high interactions among the upregulated DEGs 
(Figure S16). The SDRs have many functions in both pri-
mary and secondary (steroids, terpenoids, alkaloids, and 
phenolics) metabolism [60], highlighting the role of these 
proteins in the phenylpropanoid biosynthesis pathway. 
The ABC transporter B family member 5-like (ABCB1) 
was upregulated under treatment Org2. The ABC trans-
porters are involved in the uptake of nutrients, transport 
of secondary metabolites and hormones, regulation of 
stomata, responses to environmental stress, and plant 
and microorganism interactions [61–63]. The expression 
of LRR receptor-like serine/threonine-protein kinase 
ERECTA isoform X1 (ER/ERLs), which is involved in 
stomatal development increased in the MAPK signaling 
pathway (Figure S17). Therefore—in organic cropping 
systems, which rely on natural defense mechanisms—this 
pathway contributes to the response to biotic and abiotic 
stresses [64].

On the other hand, in the plant hormone signal trans-
duction pathway (Figure S18), upregulation of auxin-
responsive protein SAUR71-like (SAUR) and GH3 was 
observed, leading to cell enlargement and plant growth. 
In addition, higher expression of AUXIAA promoted 
ubiquitin-mediated proteolysis. It was reported that 
some ubiquitin-specific proteases increase grain size 
in rice [65]. In our experiment, the 1000-kernel weight 
of barley was higher in treatment Org2 compared with 
those in Org0. In addition, ubiquitin-mediated prote-
olysis allows cells to maintain the response to cellular-
level signals and shifted environmental conditions [66]. 
The biosynthesis of cofactors was downregulated under 
treatment Org2. The ubiquinone biosynthesis o-meth-
yltransferase (COQ) and lipid-binding protein involved 
in the biosynthesis of coenzyme Q (HMG) showed high 
expression in the biosynthesis pathway of ubiquinone. 
The COQ and HMG function in the aerobic respiratory 
chain, biosynthesis and metabolism of important chemi-
cal compounds, branch-chain amino acid metabolism, 
regulation of gene expression, and transduction of cell 
signals [67, 68], consistent with our results.

Effects of pesticides
In conventional systems, in addition to mineral ferti-
lizers, pesticides affect patterns of gene expression. To 
investigate the effects of pesticides, treatment Org0 was 
compared with N0, which received no pesticides. It has 
been reported that MCPA decreased the uptake of N, P, 
and K as well as the hormone (e.g. ABA and GA3) levels 
in tomatoes [69]. In our experiment, the DEGs between 
these two treatment groups were often involved in the 
biological processes of biosynthesis and metabolism 
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of amides and peptides, and translation. As expected, 
defense response was one of the active biological pro-
cesses in the organic treatment groups. It has been 
reported that plants grown under organic treatments 
show enhanced defense responses compared with those 
grown under conventional treatments [70, 71] because 
the gradual release of nutrients probably results in dif-
ferent effects on aspects of plant physiology including 
defense [72].

In the plant-pathogen interaction pathway (Fig-
ure S19), upregulation of PTI1-like tyrosine-protein 
kinase 1 (Pti1) and heat shock protein 90  kDa beta 
(HPS 90), as well as upregulation of respiratory burst 
oxidase homolog protein B-like (Rboh) were shown to 
induce the hypersensitive response (HR) in treatment 
Org0. Expression of transcription factor HBP-1b(c1)-
like isoform X1 (TGA) and pathogenesis-related pro-
tein PRB1-3-like (PR-1) increased to improve diseases 
resistance through phenylalanine metabolism medi-
ated by salicylic acid in the plant hormone signal trans-
duction pathway (Figure S20). In the MAPK signaling 
pathway (Figure S21), the upregulation of defense genes 
including mitogen-activated protein kinase 2 (MPK4) 
and nucleoside diphosphate kinase 3 (NDPK2) induced 
the accumulation of reactive oxygen species, leading 
to cell death and defense response. The PR1 and chi-
tinase 11 (ChiB) genes were among upregulated genes 
in the MAPK signaling pathway, indicating active plant 
defense response against the pathogens in treatment 
Org0, which was not treated with pesticides. In addi-
tion, the plants grown under treatment Org0 regulated 
the expression of genes involved in stress adaptation 
including PYR/PYL, probable protein phosphatase 2C 
8 (PP2C), and serine/threonine-protein kinase SAPK4 
(SnRK2) compared with N0.

The upregulated DEGs were involved in ribosome 
pathways, glycolysis/gluconeogenesis, carbon metabo-
lism, amino acid biosynthesis, and oxidative phos-
phorylation. The Org0 group had higher yields and 
nitrogen contents in leaves compared with the N0 
group. The nitrogen content of grains was low in Org0. 
Higher nitrogen and carbon content in the soil of treat-
ment Org0 compared with N0 could be a reason for 
the enriched pathways in Org0. In addition, the pH in 
Org0 was closer to the ideal pH for barley growth and 
development compared to N0 [56]. Plant protection 
used in the conventional system kept the leaves green 
for longer, thus enabling a longer grain-filling period 
and more nitrogen content. High expression of PHO 
and AMY proteins indicated that plants in the Org0 
group were engaged in the consumption of storage 
polysaccharides such as glycogen and starch as well as 
the metabolism of α-glucan. In addition, the AMY is 

secreted in response to pathogen attacks as a result of 
starch mobilization from dead cells [73, 74]. The PER, 
another protein with high interactions, which has roles 
in antioxidant defense in photosynthesis, respiration, 
and stress response, as well as in modulating redox 
signaling during development and adaptation [75], 
was highly expressed. These results confirm that these 
proteins are actively engaged in the above-mentioned 
upregulated pathways.

Conclusions
This comparison between organic and conventional crop-
ping systems showed that plants grown under organic 
treatments had higher activity in biological processes 
involving polysaccharide and glucan metabolic pro-
cesses, stress, and defense response compared with con-
ventional treatments. The DEGs of plants grown under 
organic treatments were significantly more engaged in 
pathways of organic acid metabolism, starch and sucrose 
metabolism compared with those in plants grown in con-
ventional systems. On the  contrary, plants grown with 
mineral fertilizers had higher number of DEGs, which 
were involved in ribosome pathways, oxidative phospho-
rylation, protein and amino acid biosynthesis, and car-
bon and nitrogen metabolism, leading to higher protein 
content, 1000-kernel weight and yield due to stronger 
responses of genes to mineral fertilizers, probably 
because the slow and gradual decomposition of organic 
fertilizers means that less nitrogen is provided. Studies 
such as this one, conducted under real field conditions, 
provide valuable information on the processes and mech-
anisms that are affected by different nitrogen sources and 
rates and can provide solutions for breeders and farmers 
to cope with lower nutrient input and to produce higher 
yields organically. Future studies will investigate the envi-
ronmental effect more closely and study the DEGs on 
field and controlled conditions simultaneously, as well 
as take into analysis the samples collected from different 
growth stages and years.
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