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The present study aimed to analyze in silico transcriptomic data to identify
hub nitrogen assimilation genes (NAGs), regulatory factors, and further
examined the effect of thermopriming on the expression of selected genes.
After identifying hub genes with CytoHubba plugin, cis-regulatory
elements (CRE) were investigated by using the Tomtom tool. In addition,
interactions between nitrogen assimilation genes and rapeseed miRNAs
were predicted using the psRNATarget tool. Codon usage bias (CUB) was
analyzed in Rstudio. Finally, the expression of nitrate reductase (/VR) and
nitrite reductase (NiR) genes under thermopriming and recurrent heat
stress was examined using qRT-PCR method. Bioinformatics analysis of
the function of hub genes in the NAG interaction network confirmed their
role in enhancing nitrogen use efficiency, especially under environmental
stresses. Also, the function of various transcription factors, including Dof
elements, in regulating the expression of nitrogen assimilation genes was
confirmed, and the role of members of the miR156, miR395, miR6028,
miR6034, and miR6035 families in regulating the expression of target
genes-especially genes related to the glutamine synthase/glutamate
synthase cycle and nitrate reductase- was determined. The correlation
study of CUB indices showed the role of mutation and natural selection in
the formation of the codon pattern of the studied genes. Finally, the
increased expression of NR and NiR genes under thermopriming compared
to non-primed plants confirmed the importance of heat stress memory in
enhancing nitrogen use efficiency in rapeseed. The findings of this study
are an important step towards identifying effective components in
engineering nitrogen metabolism and developing heat stress-tolerant
varieties in rapeseed.
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Introduction

Nitrogen (N) plays an important role in plant growth and development as factor affecting yield
enhancement. Since nitrogen use efficiency (NUE) is low in rapeseed, one of the strategies to
improve nitrogen efficiency, especially under environmental stresses, is to enhance the
expression of nitrogen assimilation related genes (NAGs). The present study aimed to analyze
in silico transcriptomic data to identify hub genes involved in nitrogen assimilation, elucidate
the regulatory mechanisms underlying their expression, and investigate the role of
thermopriming in the expression of specific nitrogen assimilation genes.

Materials and Methods

Hub genes were identified based on the highest interaction with their neighbors in the nitrogen
assimilation genes network using CytoHubba computational algorithms. Identification of cis-
regulatory elements (CRE) and transcription factors in the 5'UTR region of these genes was
performed using the Tomtom tool and searching the JASPAR 222 database. Prediction of
interactions between genes involved in nitrogen assimilation and rapeseed miRNAs was
performed using the psRNATarget tool with the aim of identifying post-transcriptional
regulatory factors. Codon usage bias (CUB) indices and correlation among them were
conducted in Rstudio. Finally, to evaluate transcriptional memory on nitrogen metabolism, the
expression of nitrate reductase (NVR) and nitrite reductase (NiR) genes under thermorpiming and
recurrent heat stress was examined using qRT-PCR.

Results and Discussion

Bioinformatics analysis of the function of hub genes in the interaction network of genes involved
in nitrogen assimilation confirmed their role in enhancing NUE, especially under environmental
stresses. Promoter analysis revealed the importance of various factors, especially Dof, in regulating
the expression of these genes at the transcriptional stage. The interaction network of miRNAs with
genes involved in nitrogen assimilation revealed the role of members of the miR156, miR395,
miR6028, miR6034, and miR6035 families in regulating the expression of target genes, especially
genes related to the glutamine synthase/glutamate synthase cycle and nitrate reductase. Correlation
analysis of GC/GCss and EN¢/CAL indices revealed the role of mutation and natural selection in
the formation of codon usage bias of the genes involved in nitrogen assimilation. Finally, the
increased expression of NR and NiR genes under thermo-primed compared to non-primed plants
confirmed the importance of heat stress memory in enhancing NUE in rapeseed.

Conclusions

The findings of this study are an important step towards identifying effective components in
engineering nitrogen metabolism that can be used as key targets in genome editing to develop
stress-tolerant cultivars and improve canola yield.
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Figure 1. Subnetwork of hub genes involved in nitrogen assimilation and their interactions with identified
neighbors (Orange color: Hub genes, Green color: their identified neighbors (No. of nodes:58, No. of edge:808)
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Table 3. Cis-regulatory elements (CREs) sequences and their transcriptional factor identified in promoter regoins
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Figure 2. The interaction network between the identified miRNAs and genes involved in nitrogen assimilation
(Green circles represent miRNAs, orange hexagons represent genes involved in nitrogen assimilation, and
arrows indicate the interaction of miRNAs with target genes).
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Table 4. The average of codon usage bias indices for genes involved in nitrogen assimilation

05 Al CAI  GC  GCx ENc 05 4l CAI GC  GCx ENc

Gene ID Gene ID
Brad06g20540D 076 047 046 534 BunaC02¢23000D 074 046 047 S48
Bnad09e43860D 077 043 033 516  Bnad09308530D 076 049 047 528
BnaC03¢49300D 079 044 037 519  Bnad07909480D 078 043 037 519
BnaC0201610D 079 048 044 503  Bnadl(g16660D 079 047 043 516
BnaC02¢02140D 075 044 036 551  BnaC03923220D 075 045 037 539
Bnad01933880D 080 045 039 505  Bnad09s27970D 078 043 04 528
Bnad02e12430D 082 047 039 480  BnaC09¢41340D 074 050 046 543
Bnad06e23950D 079 044 038 526  Bunadnngl3720D 079 048 044 si
Bnad04g21470D 073 048 037 541  BnaCnng57900D 077 051 051 494
Bnad09603140D 080 047 048 484  BnaC06802010D 075 046 041 549
Bnad03e01800D 076 042 033 525  BnaC09¢47860D 076 051 053 507
BnaC01g38830D 076 044 035 512 Bnad04g27110D 075 043 049 532
BnaC04g47520D 075 046 038 545  BnaCnng72260D 077 047 048 537
BnaC01238520D 076 041 035 525  BnaC02¢46350D 085 039 031 509
BnaC03g15020D 078 047 044 518  BnaCnng60930D 074 047 048 557
Bnad06936040D 076 042 030 517  BnaC05¢47630D 079 044 04 523
Bnad03e54190D 073 048 044 552  Bnad05837230D 077 044 039 535
Bnad03e19380D 076 045 034 337  BnaC03¢47670D 078 044 035 5
BnaC0206690D 077 049 042 515 Bnadnngl6110D 080 044 046 522
BnaC01g28730D 081 041 035 524  BnaCnng23850D 082 047 04 49
Bnad02e18610D 075 045 047 347  Bnad0312250D 077 048 045 528
Bnad09¢35250D 081 041 034 3501  BnaCnnel0340D 077 045 038 53
BnaC01240390D 080 046 040 509  BnaC09¢14200D 079 043 039 52
Bnad09e27570D 074 046 044 538  Bnad08s29950D 081 045 039 506
Bnad07s04150D 076 048 047 330  Bnad0ls31960D 076 044 035 519
BnaC03215030D 076 048 045 540  BnaC04g00770D 075 042 048 528
Bnad0lg22540D 084 041 033 3501  BnaCnng63770D 077 049 046 518
BnaC0939680D 078 047 044 530  BnaC08426580D 0.81 041 034 4956
BnaC04g29670D 081 045 042 506 Bnad07¢36300D 076 049 048 519

0355 ji3e sl Laxls (BENC a8 e 3k Camdse 53 GC (glsms 1GCss (GO (sl gme GC 10505 5 3Lkl 2l (CAL

CALI: Codon adaptability index; GC: GC content; GC3s: Frequency of GC at the third codon position; ENC: Effective number of codons

05575 O gmedaal SA0S G50 5 e ld o (S =0 sl

Table 5. Correlation between codon usage bias indices of genes involved in nitrogen assimilation

(Index) ==Ll GC GCss CAI ENc
GC3S 0.74™
CAI -0415™ -0.359™
ENC 0. 0.09™ 0.17 " -0.77°"

0398 ji3e sl jastls (BN (0508 6 pdoillil sl :CAL a8 g 3l b go 53 GC (gl 5ee 1GCas (GO (gl 5ms :GC

GC: GC content; GC3s: Frequency of GC at the third codon position; CAI: Codon adaptability index; ENC: Effective number of codons
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Figure 4. Expression pattern of Nitrate reductase (A) and Nitrite reductase (B) at timecourse 1, 24,48 and 72
hours after P (thermopriming), T (Heat stress without thermopriming), P+T (thermopriming + second stress)
compare to control plants in canola. The numbers above the columns indicate changes in expression levels
compared to the control (Fold change: FC). The arrow above the graphs and the number next to it indicate the
amount of change in gene expression in the P+T treatment compared to the T treatment. ** at 0.01 level
significant, " at 0.05 level significant, ™ non-significant
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