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ABSTRACT

Efficient nitrogen use is crucial for maximizing oil palm yield while reducing environmental im-
pact. Poor nitrogen utilization causes excessive growth and nutrient loss. This study uses bio-
informatics to identify key genes linked to nitrogen use efficiency, providing insights for genetic
improvement and sustainable cultivation.Protein-protein interaction (PPI) networks, functional
enrichment, and structural modeling were employed to uncover candidate genes regulating
nitrogen uptake and metabolism. Sixty-two nitrogen use efficiency associated genes from rice
(Oryza sativa) were analyzed via BLASTp against the E. guineensis genome (NCBI), selecting
those with >80% similarity. PPI networks were constructed using STRING-db and analyzed in
Cytoscape v3.7.1. Functional enrichment (Gene Ontology) and structural analysis (AlphaFold,
PyMol v2.5.4) were performed. Twelve nitrogen use efficiency related genes were identified,
with CESA4, CESA7, and CESA9 emerging as key regulators based on high degree and be-
tweenness values in PPl analysis. These genes are linked to plant cell wall biosynthesis. Struc-
tural analysis showed high similarity to rice homologs, with RMSD values of 0.338 A (CESA4)
and 0.396 A (CESA9), indicating strong conservation area. Their structural relevance suggests
they are promising targets for molecular breeding marker to enhance nitrogen utilization and
sustainability in oil palm.

Keywords: Nitrogen use efficiency, Protein-protein interaction, Structural modeling, CESA
genes

ABSTRAK

Penggunaan nitrogen yang efisien penting untuk meningkatkan hasil kelapa sawit dan mengu-
rangi dampak lingkungan. Studi ini menggunakan bioinformatika untuk mengidentifikasi gen
kunci terkait efisiensi nitrogen guna perbaikan genetik dan budidaya berkelanjutan. Interaksi
protein-protein (PPI), analisis pengayaan fungsional, dan pemodelan struktural digunakan
untuk mengungkap gen kandidat yang mengatur penyerapan dan metabolisme nitrogen.
Sebanyak 62 gen dari padi dianalisis dengan BLASTp terhadap genom E. guineensis (NCBI)
dan diseleksi berdasarkan kesamaan >80%. Jaringan interaksi protein-protein (PPI)
dikonstruksi menggunakan STRING-db dan dianalisis di Cytoscape v3.7.1, sementara analisis
pengayaan fungsional (Gene Ontology) serta analisis struktural (AlphaFold, PyMol v2.5.4)
dilakukan. Sebanyak 12 gen terkait efisiensi nitrogen diidentifikasi, dengan CESA4, CESA?7,
dan CESA9 sebagai regulator utama dalam analisis PPl. Gen-gen ini berperan dalam
biosintesis dinding sel tanaman. Kesamaan struktural tinggi dengan homolog padi (RMSD
0,338-0,396 A) menunjukkan konservasi yang kuat, menjadikannya target potensial untuk
penanda molekuler guna meningkatkan efisiensi nitrogen dan keberlanjutan kelapa sawit.
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gen CESA

INTRODUCTION

Nitrogen use efficiency is crucial for oil
palm cultivation as it directly affects yield,
cost-effectiveness, and environmental sus-
tainability. Nitrogen is a key nutrient required
for frond development, vegetative growth,
and fresh fruit bunch (FFB) production which
determines oil yield (Corley and Tinker
2016). However, inefficient nitrogen use can
lead to excessive vegetative growth at the
expense of fruit production, reducing overall
profitability. Additionally, nitrogen losses
through leaching, volatilization, and denitrifi-
cation contribute to environmental issues,
such as groundwater contamination and
greenhouse gas emissions (Wei et al.
2024).

Nitrous oxide (N2O) emissions from ni-
trogen fertilizer application during different
growth stages of oil palm were assessed
across plantations of varying palm ages.
The released N,O ranged from 19.11 to
22.17 kg N2O-N per hectare, contributing to
carbon dioxide equivalent (CO2-eq) emis-
sions between 1052.26 and 1209.51 kg per
hectare (Kusin et al. 2015). This highlights
the need for improved nitrogen manage-
ment strategies to balance productivity and
environmental impact. Selecting oil palm
genotypes with higher nitrogen uptake effi-
ciency and optimizing fertilizer application
methods can significantly enhance nitrogen
use efficiency. To produce planting materi-
als with high nutrient use efficiency, a plant
breeding program is needed to develop nu-
trient-efficient planting materials. However,
conventional oil palm breeding programs
face challenges due to the long life cycle of
oil palm, resulting in lengthy selection cy-
cles. This issue can be addressed by utiliz-
ing molecular markers to assist in the selec-
tion process (Lema, 2018).

Molecular markers associated with ni-
trogen use efficiency traits have emerged as
valuable tools in breeding programs to de-
velop oil palm varieties with improved nitro-
gen uptake and assimilation capabilities.
Research has demonstrated that oil palm
genotypes exhibit differential responses to
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nitrogen sources, such as ammonium and
nitrate, under varying environmental condi-
tions. A study assessing the interaction be-
tween nitrogen source and drought stress in
oil palm seedlings found significant geno-
typic variability in traits related to nitrogen
metabolism and stress tolerance. This sug-
gests that integrating molecular markers as-
sociated with nitrogen source preference
and stress resilience can aid in selecting
genotypes with optimized nitrogen use effi-
ciency under specific environmental condi-
tions (Ruiz-Romero et al. 2024). Addition-
ally, the development of molecular markers
linked to genes involved in nitrogen metab-
olism, such as purple acid phosphatases,
has shown promise in distinguishing be-
tween high and low-nitrogen-efficient oil
palm progenies. These markers facilitate the
early selection of desirable traits, accelerat-
ing the breeding process and improving ni-
trogen use efficiency (Maryanto et al. 2021).

To achieve sustainable agriculture, it
is essential to enhance the efficiency of ni-
trogen utilization in oil palm (Elaeis guineen-
sis). However, conventional breeding ap-
proaches are hindered by the crop’s long-life
cycle, resulting in prolonged selection pro-
cesses. The integration of molecular mark-
ers through protein-protein interaction (PPI)
bioinformatics presents a promising strategy
for accelerating precision-driven selection.
This approach has the potential to signifi-
cantly improve nitrogen use efficiency in oil
palm, thereby advancing breeding programs
and contributing to more sustainable agricul-
tural practices. PPl networks are able to
identify key proteins involved in nitrogen me-
tabolism, enabling the discovery of candi-
date genes associated with nitrogen use ef-
ficiency. For instance, research has demon-
strated that heterotrimeric G proteins signif-
icantly influence nitrogen use efficiency in
rice (Oryza sativa), suggesting that similar
regulatory mechanisms may exist in oil palm
(Sun et al. 2014). By constructing PPI net-
works, researchers can pinpoint hub pro-
teins that regulate nitrogen uptake and as-
similation, facilitating the development of
molecular markers for breeding programs.



Proteomics technologies have been applied
in oil palm research to understand protein
expression changes related to various traits
(Lau et al. 2018). Integrating PPI bioinfor-
matics with proteomics data can enhance
the identification of nitrogen use efficiency-
related markers, leading to the development
of oil palm cultivars with improved nitrogen
utilization. This approach not only boosts
crop productivity but also reduces environ-
mental impacts associated with excessive
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nitrogen fertilization. Therefore, employing
PPI bioinformatics in marker development is
a strategic advancement toward sustainable
oil palm cultivation.

MATERIALS AND METHODS

The steps for screening and selecting
important genes for nutrient use efficiency in
oil palm are illustrated in Figure 1.

62 candidate genes-
related nitrogen use

efficiency from O. sativa
(Kumari et al., 2021)

>80%

BLASTDp to E. guineensis F1ller‘6d ba;ec! D.T q.:r:ry
(taxid 51953) cover and similarity

12 genes selected

Generated PPI using

Structural analysis

selected

Figure 1.
in E. guineensis

Screening methods

A total of 62 genes associated with ni-
trogen use efficiency in Oryza sativa were
identified in a study by Kumari et al. (2021).
These genes served as the initial pool of
candidates for selecting potential regulators
of nitrogen use efficiency in Elaeis guineen-
sis. The 62 genes were subsequently sub-
jected to a BLASTp
(blast.ncbi.nim.nih.gov/Blast.cgi) search
against the NCBI database, with the search
restricted to the E. guineensis organism
(taxid:51953). The results were then filtered
to include only those genes exhibiting more
than 80% sequence similarity and query
coverage, ensuring a high degree of se-
quence resemblance.

Protein-protein interaction (PPI) analysis

The STRING database (string-db.org)
was employed to construct the protein-pro-
tein interaction (PPI) network, and Cyto-
scape v3.7.1 software (cytoscape.org) was
subsequently used to visualize the network,
with edge betweenness and degree as key

STRING-db

Important genes

Cytoscape network

. Gene ontology analysis
analysis

Screening workflow for identifying candidate genes associated with nitrogen use efficiency

parameters. The degree was utilized to rep-
resent the node size, while betweenness de-
termined the edge thickness. Cytoscape, an
open-source software, is widely used to vis-
ualize and analyze complex biological net-
works, such as metabolic pathways, gene
regulatory networks, and protein-protein in-
teractions. Its popularity in systems biology
and bioinformatics stems from its ability to
integrate network data with annotations,
functional enrichment, and other advanced
analytical techniques (Doncheva et al.
2023).

Functional enrichment analysis

Gene ontology data, including biologi-
cal processes, molecular functions, cellular
components, subcellular locations, and
KEGG pathways, were automatically re-
trieved from the STRING database (string-
db.org). Functional enrichment was visual-
ized by grouping terms with a similarity
score of 20.8. STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins) is a
comprehensive database that provides in-
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formation on both known and predicted pro-
tein-protein interactions (PPlIs). It integrates
data from multiple sources, including text
mining, computational predictions, and ex-
perimental findings, to build extensive inter-
action networks across different organisms
(Szklarczyk et al. 2021).

Structural analysis

To ensure structural similarities be-
tween Oryza sativa and Elaeis guineensis,
we analyzed the 3D protein structures of se-
lected genes. AlphaFold (al-
phafold.ebi.ac.uk/), a deep learning-based
software, was employed to predict the 3D
structures. AlphaFold, evaluated during the
CASP14 assessment (May—July 2020) un-
der the name "AlphaFold2," utilizes an ad-
vanced model distinct from its CASP13 ver-
sion. The Critical Assessment of Structure
Prediction (CASP) is held biennially and
uses recently solved but unpublished pro-

tein structures for blind tests to evaluate pre-
diction accuracy (Jumper et al. 2021). The
quality of the 3D structures generated by Al-
phafold was then evaluated using a Rama-
chandran plot, utilizing Ramplot tools (ram-
plot.in/index.php). The PyMOL Molecular
Graphics System v.2.5.4 (Schrédinger, LLC)
was then used to superimpose the struc-
tures.

RESULTS AND DISCUSSION

Global alignment to E. guineensis taxid

In this study, we utilized the meta-
analysis results from Kumari et al. (2021) as
the basis for selecting candidate genes for
further investigation. A total of 62 genes as-
sociated with nitrogen use efficiency in
Oryza sativa were retrieved from Kumari et
al. (2021) (Table 1) and subsequently
blasted against the Elaeis guineensis ge-
nome.

Table 1. Global alignment of 62 genes related nitrogen use efficiency of O. sativa to E. guineensis

No

Genes symbol

Global
alignment results
to E. guineensis

Locus ID

Description of E.
guineensis gene

Query Identity  Acc.
Cover (%) Length

Accession

OsGOGAT2

080590555600

QO0DG35.2

glutamate syn-

thase 1 [NADH],
chloroplastic iso- 100
form X1 [Elaeis
guineensis]

78.72

2185

XP_010913556.1

bc6

080990422500

Q69P51.1

cellulose synthase
A catalytic subunit
9 [UDP-forming]

[Elaeis guineensis]

100

88.26

1048

XP_010905024.1

OsGEN-L

0S09g0521900

Q64MA3.1

flap endonuclease
GEN-like 1 [Elaeis 100
guineensis)

57.89

684

XP_010934428.2

phyB

0S03g0309200

Q10MG9.1

LOW QUALITY
PROTEIN: phyto-
chrome B [Elaeis
gquineensis]

100

79.18

1134

XP_010921452.1

OsDWARF

0S03g0602300

Q8GSQ1.1

cytochrome P450
85A1 [Elaeis 100
guineensis]

72.55

465

XP_010923635.1

OsSAMS1

0S05g0135700

QODKY4.1

S-adenosylmethio-
nine synthase 100
[Elaeis guineensis]

94.44

396

XP_010921340.1

OsMADS8

0S09g0507200

Q9SAR1.1

MADS box tran-
scription factor 100
[Elaeis guineensis]

68.38

242

AAQ03224.1
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No

Genes symbol

Locus ID

Global
alignment results
to E. guineensis

Description of E.
guineensis gene

Query
Cover

Identity
(%)

Acc.
Length

Accession

OsSh1

0S03g0650000

Q10FZ7.1

protein YABBY 2
[Elaeis guineensis]

100

63.3

215

XP_029116808.1

nadh-gogat1

0S01g0682001

BAS73718.1

glutamate syn-
thase 1 [NADH],
chloroplastic iso-
form X1 [Elaeis
gquineensis]

100

71.48

2185

XP_010913556.1

10

Be7(t)

0S01g0750300

BAS74356.1

cellulose synthase
A catalytic subunit
4 [UDP-forming]

[Elaeis guineensis]

100

89.93

973

XP_010924731.1

11

dgl1

0S01g0683100

BAS73724.1

katanin p60
ATPase-contain-
ing subunit A1 iso-
form X1 [Elaeis
gquineensis]

100

84.84

519

XP_010925118.1

12

OsACDR1

0S03g0160100

BAS82406.1

serine/threonine-
protein kinase
EDR1 [Elaeis
guineensis)

100

57.58

1017

XP_010917753.1

13

GAZ20x3

0S01g0757200

Q8S0S6.1

gibberellin 2-beta-
dioxygenase 3
[Elaeis guineensis]

100

65.15

328

XP_010919848.1

14

OsSSI2

0S01g0919900

Q8S059.1

stearoyl-[acyl-car-
rier-protein] 9-de-
saturase, chloro-
plastic-like [Elaeis
guineensis]

100

81.61

393

XP_010927705.1

15

Orysa;CycB1;1

0S01g0805600

QOJIF2.2

G2/mitotic-specific
cyclin S13-7 iso-
form X1 [Elaeis
gquineensis]

100

65.49

446

XP_010931535.1

16

OSH71

0S05g0129700

Q7GDL5.1

homeobox protein
knotted-1-like 1
[Elaeis guineensis]

100

66.98

318

NP_001290498.1

17

OsLOX1

0S03g0700700

Q53RB0.1

probable linoleate
9S-lipoxygenase 4
[Elaeis guineensis]

99

70.84

866

XP_010905215.1

18

OsLOX2 (L-2)

0S03g0738600

P29250.2

probable linoleate
9S-lipoxygenase 4
[Elaeis guineensis]

99

64.31

866

XP_010905215.1

19

phyC

0S03g0752100

Q10CQ8.1

phytochrome C
[Elaeis guineensis]

99

75.82

1128

XP_010906221.1

20

Sgr

0S09g0532000

Q652K1.1

protein STAY-
GREEN homolog,
chloroplastic
[Elaeis guineensis]

99

63.64

268

XP_010907484.1

21

OsZHD1

0S09g0466400

Q6Y XH5.1

zinc-finger homeo-
domain protein 2
[Elaeis guineensis]

99

61

281

XP_010939727.1
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https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029116808
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029116808
https://www.ncbi.nlm.nih.gov/protein/XP_029116808.1?report=genbank&log$=prottop&blast_rank=1&RID=WE64RBJ7013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010913556
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010913556
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010913556
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010913556
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010913556
https://www.ncbi.nlm.nih.gov/protein/XP_010913556.1?report=genbank&log$=prottop&blast_rank=1&RID=WE64RBJ7013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010924731
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010924731
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010924731
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010924731
https://www.ncbi.nlm.nih.gov/protein/XP_010924731.1?report=genbank&log$=prottop&blast_rank=1&RID=WE64RBJ7013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010925118
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010925118
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010925118
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010925118
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010925118
https://www.ncbi.nlm.nih.gov/protein/XP_010925118.1?report=genbank&log$=prottop&blast_rank=1&RID=WE64RBJ7013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010917753
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010917753
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010917753
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010917753
https://www.ncbi.nlm.nih.gov/protein/XP_010917753.1?report=genbank&log$=prottop&blast_rank=2&RID=WE64RBJ7013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010919848
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010919848
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010919848
https://www.ncbi.nlm.nih.gov/protein/XP_010919848.1?report=genbank&log$=prottop&blast_rank=1&RID=WE64RBJ7013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010927705
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010927705
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010927705
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010927705
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010927705
https://www.ncbi.nlm.nih.gov/protein/XP_010927705.1?report=genbank&log$=prottop&blast_rank=1&RID=WE64RBJ7013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010931535
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010931535
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010931535
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010931535
https://www.ncbi.nlm.nih.gov/protein/XP_010931535.1?report=genbank&log$=prottop&blast_rank=1&RID=WE6D1RM3013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_NP_001290498
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_NP_001290498
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_NP_001290498
https://www.ncbi.nlm.nih.gov/protein/NP_001290498.1?report=genbank&log$=prottop&blast_rank=1&RID=WE6D1RM3013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010905215
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010905215
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010905215
https://www.ncbi.nlm.nih.gov/protein/XP_010905215.1?report=genbank&log$=prottop&blast_rank=1&RID=WE4ASBC6016
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010905215
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010905215
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010905215
https://www.ncbi.nlm.nih.gov/protein/XP_010905215.1?report=genbank&log$=prottop&blast_rank=1&RID=WE4ASBC6016
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010906221
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010906221
https://www.ncbi.nlm.nih.gov/protein/XP_010906221.1?report=genbank&log$=prottop&blast_rank=1&RID=WE4NF3TB013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010907484
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010907484
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010907484
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010907484
https://www.ncbi.nlm.nih.gov/protein/XP_010907484.1?report=genbank&log$=prottop&blast_rank=1&RID=WE4NF3TB013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010939727
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010939727
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010939727
https://www.ncbi.nlm.nih.gov/protein/XP_010939727.1?report=genbank&log$=prottop&blast_rank=1&RID=WE5TZX4S013
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22

OsETT2

0S01g0670800

QOJKI9.1

auxin response
factor 15 isoform
X2 [Elaeis
guineensis]

99

55.92

819

XP_029121009.1

23

msp1

0S01g0917500

Q8RZV7.1

leucine-rich repeat
receptor protein ki-
nase MSP1

[Elaeis guineensis]

99

63.83

1300

XP_010908331.1

24

OsNAP

0S03g0327800

Q8H7M1.1

NAC domain-con-
taining protein 2
[Elaeis guineensis]

99

47.5

339

XP_010938117.1

25

pdhk

0S03g0370000

BAS84357.1

pyruvate dehydro-
genase (acetyl-
transferring) ki-
nase, mitochon-
drial [Elaeis
guineensis])

99

78.45

368

XP_010943866.1

26

gamyb

0S01g0812000

Qo0JIC2.1

transcription factor
GAMYB isoform
X1 [Elaeis
guineensis]

99

48.25

556

XP_029120531.1

27

chl1

0S03g0811100

Q6ATSO0.1

magnesium-chela-
tase subunit ChiD,
chloroplastic

[Elaeis guineensis]

98

82.2

753

XP_010922222.1

28

OsGH3.1

0S01g0785400

Q8LQMS5.1

probable indole-3-
acetic acid-amido
synthetase GH3.1
[Elaeis guineensis]

98

77.2

607

XP_010924006.1

29

WLP1

0S01g0749200

BAS74345.1

508 ribosomal
protein L13, chlo-
roplastic [Elaeis
gquineensis]

98

67.6

246

XP_010916493.1

30

dé1

0S01g0718300

Q942F3.1

brassinosteroid
LRR receptor ki-
nase BRI1 [Elaeis
guineensis]

98

67.18

1129

XP_010927763.1

31

OsCKX4

0S01g0940000

Q5JLP4.1

cytokinin dehydro-
genase 4 [Elaeis
guineensis]

98

70.89

527

XP_010938664.1

32

OsDDM1a

050990442700

BAT08311.1

ATP-dependent
DNA helicase
DDM1 isoform X1
[Elaeis guineensis]

98

69.36

784

XP_019709878.1

33

OsDREB1B

080990522000

Q3T5N4.1

dehydration-re-

sponsive element-
binding protein 1C
[Elaeis guineensis]

98

48.28

235

XP_010934429.1

199


https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ADV_VIEW=yes&ADV_VIEW=on&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&CDD_RID=data_cache_seq:BAS84357.1&CDD_SEARCH_STATE=4&CONFIG_DESCR=ClustMemNbr,ClustComn,Ds,Sc,Ms,Ts,Cov,Eval,Idnt,AccLen,Acc&DATABASE_SORT=0&DESCRIPTIONS=100&DYNAMIC_FORMAT=on&ENTREZ_QUERY=txid51953%20%5BORGN%5D&FORMAT_NUM_ORG=1&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&LINE_LENGTH=60&MASK_CHAR=2&MASK_COLOR=1&NCBI_GI=yes&NUM_OVERVIEW=100&NUM_QUERIES=7&PAGE=Proteins&QUERY_INDEX=6&QUERY_NUMBER=0&RID=WE6D1RM3013&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=5&ADV_VIEW=on&DISPLAY_SORT=4&HSP_SORT=0
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ADV_VIEW=yes&ADV_VIEW=on&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&CDD_RID=data_cache_seq:BAS84357.1&CDD_SEARCH_STATE=4&CONFIG_DESCR=ClustMemNbr,ClustComn,Ds,Sc,Ms,Ts,Cov,Eval,Idnt,AccLen,Acc&DATABASE_SORT=0&DESCRIPTIONS=100&DYNAMIC_FORMAT=on&ENTREZ_QUERY=txid51953%20%5BORGN%5D&FORMAT_NUM_ORG=1&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&LINE_LENGTH=60&MASK_CHAR=2&MASK_COLOR=1&NCBI_GI=yes&NUM_OVERVIEW=100&NUM_QUERIES=7&PAGE=Proteins&QUERY_INDEX=6&QUERY_NUMBER=0&RID=WE6D1RM3013&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=5&ADV_VIEW=on&DISPLAY_SORT=4&HSP_SORT=0
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ADV_VIEW=yes&ADV_VIEW=on&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&CDD_RID=data_cache_seq:BAS84357.1&CDD_SEARCH_STATE=4&CONFIG_DESCR=ClustMemNbr,ClustComn,Ds,Sc,Ms,Ts,Cov,Eval,Idnt,AccLen,Acc&DATABASE_SORT=0&DESCRIPTIONS=100&DYNAMIC_FORMAT=on&ENTREZ_QUERY=txid51953%20%5BORGN%5D&FORMAT_NUM_ORG=1&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&LINE_LENGTH=60&MASK_CHAR=2&MASK_COLOR=1&NCBI_GI=yes&NUM_OVERVIEW=100&NUM_QUERIES=7&PAGE=Proteins&QUERY_INDEX=6&QUERY_NUMBER=0&RID=WE6D1RM3013&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=5&ADV_VIEW=on&DISPLAY_SORT=3&HSP_SORT=3
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029121009
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029121009
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029121009
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029121009
https://www.ncbi.nlm.nih.gov/protein/XP_029121009.1?report=genbank&log$=prottop&blast_rank=1&RID=WE5TZX4S013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010908331
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010908331
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010908331
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010908331
https://www.ncbi.nlm.nih.gov/protein/XP_010908331.1?report=genbank&log$=prottop&blast_rank=1&RID=WE5TZX4S013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010938117
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010938117
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010938117
https://www.ncbi.nlm.nih.gov/protein/XP_010938117.1?report=genbank&log$=prottop&blast_rank=1&RID=WE5TZX4S013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010943866
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010943866
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010943866
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010943866
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010943866
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010943866
https://www.ncbi.nlm.nih.gov/protein/XP_010943866.1?report=genbank&log$=prottop&blast_rank=1&RID=WE6D1RM3013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029120531
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029120531
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029120531
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_029120531
https://www.ncbi.nlm.nih.gov/protein/XP_029120531.1?report=genbank&log$=prottop&blast_rank=1&RID=WE6D1RM3013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010922222
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010922222
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010922222
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010922222
https://www.ncbi.nlm.nih.gov/protein/XP_010922222.1?report=genbank&log$=prottop&blast_rank=1&RID=WE4ASBC6016
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010924006
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010924006
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010924006
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010924006
https://www.ncbi.nlm.nih.gov/protein/XP_010924006.1?report=genbank&log$=prottop&blast_rank=1&RID=WE4ASBC6016
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010916493
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010916493
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010916493
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010916493
https://www.ncbi.nlm.nih.gov/protein/XP_010916493.1?report=genbank&log$=prottop&blast_rank=1&RID=WE4NF3TB013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010927763
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010927763
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010927763
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010927763
https://www.ncbi.nlm.nih.gov/protein/XP_010927763.1?report=genbank&log$=prottop&blast_rank=1&RID=WE5TZX4S013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010938664
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010938664
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010938664
https://www.ncbi.nlm.nih.gov/protein/XP_010938664.1?report=genbank&log$=prottop&blast_rank=1&RID=WE5TZX4S013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_019709878
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_019709878
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_019709878
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_019709878
https://www.ncbi.nlm.nih.gov/protein/XP_019709878.1?report=genbank&log$=prottop&blast_rank=1&RID=WE5TZX4S013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010934429
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010934429
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010934429
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_XP_010934429
https://www.ncbi.nlm.nih.gov/protein/XP_010934429.1?report=genbank&log$=prottop&blast_rank=1&RID=WE64RBJ7013
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34

shi2

0S01g0527600

Q8LHH9.1

probable RNA-de-
pendent RNA pol-
ymerase SHL2
[Elaeis guineensis]

98

64.3

1198

XP_010921974 .1

35

Gn1la

0S01g0197700

Q4ADV8.1

cytokinin dehydro-
genase 6 [Elaeis
guineensis]

98

50.98

536

XP_010912967.1

36

OsbZIP72

0S09g0456200

BAT08433.1

bZIP transcription
factor 46 isoform
X1 [Elaeis
gquineensis]

97

50.59

403

XP_010943073.1

37

glut

0S03g0329500

POC1U4.1

endoglucanase 9
[Elaeis guineensis]

97

80.89

622

XP_010938102.1

38

OsATG7

0S01g0614900

BAS73152.1

ubiquitin-like modi-
fier-activating en-
zyme atg7 [Elaeis
guineensis]

97

49.86

718

XP_010924881.1

39

RACK1A

0S01g0686800

P49027.1

guanine nucleo-
tide-binding pro-
tein subunit beta-
like protein A
[Elaeis guineensis]

97

82.77

323

XP_010923802.1

40

cwal/bec1

0S03g0416200

Q10JL1.1

COBRA-like pro-
tein 4 [Elaeis
guineensis]

96

72.54

466

XP_010936445.1

41

GH3-2

0S01g0764800

POCOM2.1

probable indole-3-
acetic acid-amido
synthetase GH3.8
[Elaeis guineensis]

96

77.33

594

XP_010939642.1

42

OsOAT

0S03g0643300

Q10G56.1

ornithine ami-
notransferase, mi-
tochondrial [Elaeis
guineensis]

96

81.72

474

XP_010940988.1

43

Osppc4

0S01g0208700

NP_001391814.1

SCAR-like protein
2 [Elaeis
gquineensis]

96

76.38

2192

XP_010925637.2

44

OsDREB1A

080990522200

Q64MA1.1

dehydration-re-

sponsive element-
binding protein 1C
[Elaeis guineensis]

95

47.06

236

XP_010940896.1

45

chl9

0S03g0563300

AOAGIOQWL2

magnesium-chela-
tase subunit Chll,
chloroplastic
[Elaeis guineensis]

95

81.77

427

XP_010915593.1

46

sel3

0S01g0949400

BAS76225.1

phytochromo-
bilin:ferredoxin oxi-
doreductase, chlo-
roplastic isoform
X2 [Elaeis
guineensis]

95

68.07

291

XP_010924238.1

200


https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ADV_VIEW=yes&ADV_VIEW=on&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&CDD_RID=data_cache_seq:BAS84357.1&CDD_SEARCH_STATE=4&CONFIG_DESCR=ClustMemNbr,ClustComn,Ds,Sc,Ms,Ts,Cov,Eval,Idnt,AccLen,Acc&DATABASE_SORT=0&DESCRIPTIONS=100&DYNAMIC_FORMAT=on&ENTREZ_QUERY=txid51953%20%5BORGN%5D&FORMAT_NUM_ORG=1&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&LINE_LENGTH=60&MASK_CHAR=2&MASK_COLOR=1&NCBI_GI=yes&NUM_OVERVIEW=100&NUM_QUERIES=7&PAGE=Proteins&QUERY_INDEX=6&QUERY_NUMBER=0&RID=WE6D1RM3013&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=5&ADV_VIEW=on&DISPLAY_SORT=4&HSP_SORT=0
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ADV_VIEW=yes&ADV_VIEW=on&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&CDD_RID=data_cache_seq:BAS84357.1&CDD_SEARCH_STATE=4&CONFIG_DESCR=ClustMemNbr,ClustComn,Ds,Sc,Ms,Ts,Cov,Eval,Idnt,AccLen,Acc&DATABASE_SORT=0&DESCRIPTIONS=100&DYNAMIC_FORMAT=on&ENTREZ_QUERY=txid51953%20%5BORGN%5D&FORMAT_NUM_ORG=1&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&LINE_LENGTH=60&MASK_CHAR=2&MASK_COLOR=1&NCBI_GI=yes&NUM_OVERVIEW=100&NUM_QUERIES=7&PAGE=Proteins&QUERY_INDEX=6&QUERY_NUMBER=0&RID=WE6D1RM3013&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=5&ADV_VIEW=on&DISPLAY_SORT=4&HSP_SORT=0
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Accession

47

OsYUCCA1

0S01g0645400

AOAOPOV5U9.1

indole-3-pyruvate
monooxygenase
YUCCA1 isoform
X1 [Elaeis guin-

eensis]

95

68.48

403

XP_010923752.1

48

OsRRMh

0S09g0516300

BAT08962.1

flowering time con-
trol protein FPA
[Elaeis guineensis]

94

42.18

984

XP_010908978.1

49

sd1

0S01g0883800

QO0JH50.1

gibberellin 20 oxi-
dase 2 [Elaeis
gquineensis]

94

62.53

377

XP_010911046.1

50

eg1

0S01g0900400

Q8S1D9.1

phospholipase A1-
lalpha2, chloro-
plastic [Elaeis
gquineensis]

94

57.65

439

XP_010912884.1

51

RGB1

0S03g0669100

BAS85668.1

deoxyuridine 5'-tri-
phosphate nucleo-
tidohydrolase

[Elaeis guineensis]

90

66.86

230

XP_019709548.1

52

OsMT2b

0S05g0111300

A3AZ88.1

metallothionein-
like protein 2A
[Elaeis guineensis]

89

47.37

77

XP_010922336.1

53

OsRZFP34

0S01g0719100

Q5JL96.1

probable E3 ubig-
uitin-protein ligase
RZFP34 [Elaeis
quineensis]

88

76.03

308

XP_010917209.1

54

OsPIL1

0S03g0782500

Q10CH5.1

transcription factor
PHYTOCHROME
INTERACTING
FACTOR-LIKE 13
isoform X8 [Elaeis
gquineensis]

87

45.43

544

XP_029116710.1

55

pla3/gp

0S03g0790600

Q852M4.2

probable gluta-
mate carboxypep-
tidase VP8 isoform
X1 [Elaeis
guineensis]

87

66.51

707

XP_010908056.1

56

BC15/0sCTL1

050990494200

BAT08769.1

chitinase-like pro-
tein 1 [Elaeis
guineensis]

86

78.29

300

XP_010927492.1

57

OsPAO

0S03g0146400

QODV66.1

pheophorbide a
oxygenase, chlo-
roplastic [Elaeis
guineensis]

85

83.85

551

XP_010918717.1

58

log

0S01g0588900

Q5zC82.1

cytokinin riboside
5'-monophosphate
phosphoribohydro-
lase LOG7 [Elaeis
guineensis]

82

80.81

240

XP_010925070.1

59

OsMADS51

0S01g0922800

Q9XJ61.1

MADS-box tran-
scription factor 51

82

53.15

203

XP_010926839.1
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Genes symbol Locus ID

isoform X2 [Elaeis
gquineensis]

adenylate isopen-
tenyltransferase 81
[Elaeis guineensis]

OsIPT7 0S05g0551700 BAS95219.1 53.9 357 XP_010927008.1

probable inactive

heme oxygenase
Q10K62.1 ) 77

2, chloroplastic

[Elaeis guineensis]

OsHO2 0S03g0395000 55.73 296 XP_010916650.1

guanine nucleo-
tide-binding pro-

tein subunit 47
gamma 3 [Elaeis
guineensis]

DEP1 0S09g0441900 Q67UU9.1 47.43 195 XP_010937332.1

After performing a global alignment,
we filtered out genes with a query cover and
similarity greater than 80% to improve accu-
racy in identifying E. guineensis genes. This
process eliminated 50 candidate genes,
leaving 12 genes related to nitrogen use ef-
ficiency, including bc6, OsSAMS1, Bc7(t),
dgl1, OsSSI2, chl1, glu1, RACK1A, OsOAT,
chl9, OsPAO, and log (Table 2). While we
prioritized genes with high protein similarity,
it is possible that other potential marker
genes could be missed due to lower

similarity percentages. This is because pro-
tein similarity can be influenced by evolu-
tionary differences (Theobald and Wuttke
2005). In this study, O. sativa and E. guin-
eensis are hypothesized to have diverged
from different ancestors, which may contrib-
ute to variations in protein sequence similar-
ity. Here, we successfully extracted twelve
genes from the global alignment, which we
hypothesize to be important regulators of ni-
trogen use efficiency. These twelve genes
were then subjected to PPI analysis.

Table 2. Twelve genes-related-nitrogen use efficiency after filtering from query cover and similarity

>80% parameters

Global
G D ipti f E. Identity Acc.
No enes Locus ID alignment results e.scrlp pn © Query ety ce Accession
symbol . ) guineensis gene Cover (%) Len
to E. guineensis
cellulose synthase
A catalytic subunit 9
1  bc6 080990422500 Q69P51.1 ) 100 88.26 1048 XP_010905024.1
[UDP-forming]
[Elaeis guineensis]
S-adenosylmethio-
2 OsSAMS1 080590135700 QODKY4.1 nine synthase 100 94.44 396  XP_010921340.1
[Elaeis guineensis]
cellulose synthase
A catalytic subunit 4
3  Bcr(t) 0S01g0750300 BAS74356.1 . 100 89.93 973  XP_010924731.1
[UDP-forming]
[Elaeis guineensis]
katanin p60 ATPase-
taini bunit
4 dgit 0S01g0683100 BAS73724.1 comaining SUBUNL 4155 8484 519 XP_010925118.1

A1 isoform X1

[Elaeis guineensis]
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No

Genes
symbol

Locus ID

Global
alignment results
to E. guineensis

Description of E.
guineensis gene

Query
Cover

Identity  Acc.

(%) Len

Accession

OsSSI2

0S01g0919900

Q8S059.1

stearoyl-[acyl-car-
rier-protein] 9-de-
saturase, chloro-
plastic-like [Elaeis
guineensis]

100

81.61 393

XP_010927705.1

chl1

0S03g0811100

Q6ATSO0.1

magnesium-chela-
tase subunit ChiD,
chloroplastic [Elaeis
guineensis]

98

82.2 753

XP_010922222.1

glut

080390329500

POC1U4.1

endoglucanase 9
[Elaeis guineensis]

97

80.89 622

XP_010938102.1

RACK1A

0S01g0686800

P49027.1

guanine nucleotide-
binding protein subu-
nit beta-like protein
A [Elaeis guineensis]

97

82.77 323

XP_010923802.1

OsOAT

0S03g0643300

Q10G56.1

ornithine ami-
notransferase, mito-
chondrial [Elaeis
guineensis]

96

81.72 474

XP_010940988.1

10

chl9

0S03g0563300

AOABI9QWL2

magnesium-chela-
tase subunit Chll,
chloroplastic [Elaeis
guineensis]

95

81.77 427

XP_010915593.1

11

OsPAO

0S03g0146400

QODV66.1

pheophorbide a ox-
ygenase, chloro-
plastic [Elaeis
guineensis]

83.85 551

XP_010918717.1

12

0S01g0588900

Q5zC82.1

cytokinin riboside 5'-
monophosphate
phosphoribohydro-
lase LOG7 [Elaeis
guineensis]

80.81 240

XP_010925070.1

Protein-protein interaction networks
analysis

Twelve genes related to nitrogen use
efficiency from Oryza sativa were analyzed
using the STRING database, resulting in the
formation of two distinct network clusters.
Elaeis guineensis was not used as the refer-
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ence organism, as its genome is not availa-
ble in the STRING database. The predicted
interactions were categorized into gene fu-
sions (represented by red lines), neighbour-
hood associations (green lines), and co-oc-
currence relationships (blue lines) (Figure
2).
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Figure 2. Protein-protein interaction of twelve genes related nitrogen use efficiency from O. sativa

To assess gene functionality,
STRING-db automatically generates gene
ontology (GO) analysis based on the input
genes. The identified terms were catego-
rized into two groups of functionally similar
genes, with a similarity value greater than
0.8 (Figure 3). The most significantly en-
riched biological processes (BP) were asso-
ciated with plant-type secondary cell walls
and cellular metabolic processes, with en-
richment scores ranging from 5.5 to 7.5 (Fig-
ure 3A). The relationship between plant sec-
ondary cell walls and nitrogen use efficiency

is complex, influenced by various factors, in-
cluding nitrogen availability, cell wall compo-
sition, and genetic regulation. A study on
Polygonum cuspidatum demonstrated that
nitrogen allocation to cell walls can reduce
photosynthetic nitrogen-use efficiency. Spe-
cifically, plants with higher nitrogen alloca-
tion to cell walls exhibited reduced photo-
synthetic capacity, suggesting a trade-off
between structural nitrogen investment and
photosynthetic efficiency (Onoda et al.
2004).
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Figure 2. Functional enrichment of biological process (BP) (A), molecular function (MF) (B), cellular
component (CC) (C), and subcellular location (SC) (D)
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Additionally, research on Eucalyptus
species revealed that nitrogen fertilization
levels affect xylem gene expression and
secondary cell wall lignification. Excessive
nitrogen fertilization led to lower lignin con-
tent and altered lignin composition in the xy-
lem, indicating that nitrogen availability can
influence the structural properties of sec-
ondary cell walls (Camargo et al. 2014).
Similarly, studies on Sorghum seedlings
showed that nitrogen deficiency led to
changes in cell wall composition, including
modifications in lignin content and structure.
These findings suggest that nitrogen availa-
bility plays a crucial role in the biosynthesis
and remodelling of secondary cell walls,
which may impact nitrogen use efficiency
(Rivai et al. 2021).

Furthermore, a comparative analysis
of C3 and C4 plants examined the effects of
type 1 and type 2 cell wall architectures on
nitrogen utilization. The study found that C4
grasses, which possess type 2 cell walls, ex-
hibited higher nitrogen use efficiency, partic-
ularly under nitrogen-deficient conditions.
This suggests that cell wall architecture may
contribute to optimizing nitrogen utilization
(Bossoni et al. 2022).

Moreover, molecular function (MF) en-
richment analysis indicated that Galactosyl-
galactosylxylosylprotein 3-beta-glucu-
ronosyltransferase exhibited the highest ac-
tivity, with a signal strength of approximately
6.5, followed by Xylosyltransferase activity,
which ranked second with a signal just be-
low 6 (Figure 3B). Meanwhile, cellular com-
ponent (CC) and subcellular compartment
(SC) enrichment results identified the Golgi
membrane as the primary location of these
enriched genes (Figure 3C-D).

Galactosylgalactosylxylosylprotein  3-
beta-glucuronosyltransferase, also known
as beta-1,3-glucuronyltransferase 3 and en-
coded by the B3GAT3 gene, is an enzyme
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essential for the biosynthesis of glycosa-
minoglycans (GAGs), such as heparan sul-
fate and chondroitin sulfate, which are cru-
cial components of the extracellular matrix in
animal tissues. However, in plants, glycosyl-
transferases from the GT47 family play sig-
nificant roles in cell wall biosynthesis. Some
members of this family function as B-glucu-
ronyltransferases, contributing to the syn-
thesis of pectic polysaccharides. For in-
stance, the GIcAT14 family of glycosyltrans-
ferases in Arabidopsis thaliana is responsi-
ble for adding glucuronic acid residues to
arabinogalactan proteins (AGPs), which are
essential components of the plant cell wall
(Zhong and Ye 2003).

Similarly, xylosyltransferases catalyze
the transfer of xylose residues from UDP-xy-
lose to specific acceptor molecules, playing
a vital role in the biosynthesis and modifica-
tion of various plant polysaccharides and
glycoproteins. One type, xylogalacturonan
beta-1,3-xylosyltransferase, transfers a xy-
losyl residue from UDP-D-xylose to a D-ga-
lactose residue in xylogalacturonan, forming
a  B-1,3-D-xylosyl-D-galactose linkage
(Jensen et al. 2008). Another type, xyloglu-
can 6-xylosyltransferase, catalyzes the
transfer of an a-D-xylosyl residue from UDP-
D-xylose to a glucose residue in xyloglucan,
forming an a-1,6-D-xylosyl-D-glucose bond.
This reaction is crucial for the proper assem-
bly of xyloglucan, a major hemicellulosic pol-
ysaccharide in plant cell walls (Faik et al.
2000).

Pathway enrichment analysis was
also conducted using KEGG enrichment
(Figure 4). The highest enrichment signal
was associated with porphyrin and chloro-
phyll metabolism, with a value exceeding
1.4. This pathway includes the genes
QODV66_ORYSJ, OsJ_16753, CHLI, SGR,
and CHLD.
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Figure 4. Functional enrichment of KEGG pathway

Porphyrin and chlorophyll metabolism
are closely related to nitrogen use efficiency
in plants, as nitrogen is a key component of
chlorophyll molecules, which are essential
for photosynthesis. Consequently, nitrogen
availability directly affects chlorophyll syn-
thesis, influencing photosynthetic capacity
and overall plant growth. In wheat, nitrogen
plays a crucial role in plant nutrition by sup-
porting protein and nucleic acid synthesis.
Different cultivars exhibit varying responses
to nitrogen availability, and total nitrogen
content serves as an indicator of root activity
and nutrient translocation. Moreover,
nitrogen promotes leaf growth, enhancing
photosynthetic efficiency. Since photosyn-
thetic proteins constitute a significant portion
of leaf nitrogen, chlorophyll levels are
strongly correlated with nitrogen content
(Bojovi¢ and Markovi¢ 2009). Thus, efficient
nitrogen utilization is critical for optimizing
plant growth and productivity.

The second most enriched pathway
was general metabolic pathways, with an
enrichment signal of 0.6. This category

includes the genes OsJ_ 16428, GLUT1,
SAM1, OAT, Q53PZ0 _ORYSJ, CHLI,
CESA4, P0011G08.41, IRX14, CESASY,
CHLD, Q6K2J2_ORYSJ, IRX9, GT43A,
Q847212_ORYSJ, Q852K7_ORYSJ, SSI2,
and P0482D04.15. The final enriched path-
way was the biosynthesis of secondary
metabolites, with an enrichment signal of
less than 0.4. This pathway involves the
genes SAM1, QODV66_ORYSJ,
OsJ_16753, OAT, CHLI, SGR, CHLD, and
Q6K2J2_ORYSJ.

Network analysis using Cytoscape

To enhance the analysis, the TSV file
from STRING-db was imported into Cyto-
scape to examine network interactions. In
Cytoscape, node network analysis was con-
figured based on degree values, while edge
analysis was determined by betweenness
values. Additionally, node and edge colors
were scaled from the minimum value (ma-
genta) to the maximum value (dark green)
(Figure 5).
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Figure 5. PPl network of 12 genes related to nitrogen use efficiency from O. sativa. Nodes with high
degree are illustrated by bigger size and darker green colors. Edge with high betweeness
depicts by bolder line and darker green colors

Degree centrality represents the num-
ber of connections a node has within a net-
work. In protein-protein interaction (PPI) net-
works, nodes with a higher degree are con-
sidered hubs, typically occupying central po-
sitions in the network (Barabasi et al. 2011).
Meanwhile, betweenness centrality
measures how frequently a node appears
on the shortest paths between other nodes.
Nodes with high betweenness, known as
bottlenecks, regulate the flow of information
within the network (Zhang 2009).

In this study, the network revealed
three key genes with the highest degree val-
ues: CESA4, CESA7, and CESAY9, each dis-
playing a directed network of 13 to 14 con-
nected genes. Specifically, CESA4 exhibits

directed connections to OsJ 16428,
Q53PZ0_ORYSJ, P0482D04.15,
P0011G08.41, Q84Z12_ORYSJ,

Q852K7_ORYSJ, GT43A, IRX14, IRX9,
CESA7, and CESA9. Meanwhile, CESA7 di-
rectly targets OsJ_16428, GLU1, RACK1A,
Q53PZ0_ORYSJ, P0O011G08.41, IRX14,
CESA9, IRX9, GT43A, Q84Z12 ORYSJ,
and Q852K7_ORYSJ. Lastly, CESA9 di-
rects connections to GLU1,
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Q53PZ0_ORYSJ, P0011G08.41, IRX14,
P0482D04.15, Q84712_ORYSJ,
Q852K7_ORYSJ, GT43A, and IRX9.

After analyzing the PPI network, cellu-
lose synthase (CESA) was identified as the
most significant gene in the system for nitro-
gen use efficiency-related genes, based on
both degree and betweenness values. Sub-
sequently, we examined the structural simi-
larity between CESA4 and CESA9 in O. sa-
tiva and E. guineensis. The 3D models were
evaluated using a Ramachandran plot, both
models were then superimposed, and their
root mean square deviation (RMSD) values
were evaluated to compare structural differ-
ences.

Ramachandran plot analysis of four
modelled protein: OsCESA4, EgCESA4,
OsCESA9, EgCESA9 exhibit favoured re-
gion more than 90% (Figure 6). A high-res-
olution input structure is expected to achieve
a quality score exceeding 95%. Protein
structures with a resolution between 2 and 3
A generally exhibit a quality score above
90% (Agnihotry et al., 2022).
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Figure 6. Ramachandran plot from Alphafold software of (A) OsCESA4, (B) EQCESA4, (C) OsCESAS9,

(D) EgCESAZQ structure

The RMSD analysis revealed that
CESA4 in O. sativa and E. guineensis had a
lower RMSD value of 0.338 A, whereas
CESA9 exhibited a slightly higher RMSD
value of 0.396 A (Figure 7). RMSD is a com-
monly used metric for assessing structural
similarity between proteins. Typically, an
RMSD of <2 A indicates high structural

A OsCESA4

similarity, while values ranging from 2 to 5 A
suggest moderate similarity. Higher RMSD
values indicate greater structural deviations
(Kufareva and Abagyan 2012). Based on
these results, the structures of CESA4 and
CESA9 in O. sativa and E. guineensis ex-

hibit a high degree of similarity.

OsCESA9

RMSD: 0.396

Figure 7. Superpose of 3D structure protein (a) CESA4 in E. guineensis (green, cartoon) and O. sativa
(red, cartoon), (b) CESA9 in E. guineensis (red, cartoon) and O. sativa (wheat, cartoon)
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The CESA protein in O. sativa shares
similarities with the cellulose synthase A cat-
alytic subunit [UDP-forming] in E. guineen-
sis. CESA proteins play a crucial role in cel-
lulose biosynthesis in E. guineensis (African
oil palm), contributing to cell wall formation
and plant structural integrity. A study identi-
fied six genes related to CESA and cellulose
synthase-like D (CSL), which are involved in
cell wall modification in E. guineensis. Nota-
bly, the transcription factors EgJUB71 and
EgERF113 were highlighted as potential
regulators of these genes, suggesting their
significant role in modulating cellulose bio-
synthesis (Sakeh et al. 2021).

The relationship between CESA pro-
teins and nitrogen use efficiency in plants is
an emerging area of research. While direct
studies on CESA's role in nitrogen use effi-
ciency remain limited, existing research pro-
vides insights into potential connections: (a)
Impact of nitrogen on cellulose biosynthesis:
Nitrogen availability influences cellulose
production in plants. A study on rice (O. sa-
tiva) found that overexpression of the tran-
scription factor OsMYB305 suppressed cel-
lulose biosynthesis under low-nitrogen con-
ditions. This suppression redirected carbo-
hydrates toward nitrate uptake and assimi-
lation, enhancing plant growth and nitrogen
use efficiency (Wang et al. 2020), (b) Nutri-
ent deficiencies and CESA expression. The
availability of nutrients, including nitrogen,
can regulate CESA gene expression. In soy-
beans (Glycine max), nitrogen deficiency led
to adjustments in nitrogen uptake and utili-
zation efficiency, potentially affecting cellu-
lose synthesis pathways (Nezamivand-
Chegini et al. 2022).

These findings suggest that nitrogen
availability is able to influence cellulose bio-
synthesis by modulating cellulose synthase
(CESA) activity, thereby impacting plant
growth and nitrogen use efficiency. How-
ever, to establish CESA as a molecular
marker for nitrogen-use efficiency-related
genes, further research is necessary to elu-
cidate the direct mechanisms linking CESA
proteins to nitrogen-use efficiency.

CONCLUSION

This study identified 12 nitrogen use
efficiency-related genes in Elaeis
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guineensis through global alignment with
Oryza sativa. Protein-protein interaction
analysis highlighted CESA genes as key
regulators. Structural modeling and RMSD
analysis confirmed their similarity between
species. Pathway enrichment linked nitro-
gen availability to cell wall biosynthesis and
metabolic regulation. These findings sug-
gest a potential role of CESA genes in opti-
mizing nitrogen use efficiency, offering valu-
able insights for oil palm breeding through
molecular marker-assisted selection. How-
ever, evaluation through in vitro experiment
needed to be done to validate the CESA’s
protein contribution in nitrogen-use effi-
ciency.
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