
Sains Malaysiana 47(12)(2018):  2993–3002	
http://dx.doi.org/10.17576/jsm-2018-4712-08 

Reconstruction of the Transcriptional Regulatory Network in Arabidopsis thaliana 
Aliphatic Glucosinolate Biosynthetic Pathway

(Pembinaan Semua Jaringan Pengawal Atur Transkripsi Tapak Jalan Biosintesis 
Glukosinolat Alifatik dalam Arabidopsis thaliana) 

KHALIDAH-SYAHIRAH ASHARI, MUHAMMAD-REDHA ABDULLAH-ZAWAWI, SARAHANI HARUN 
& ZETI-AZURA MOHAMED-HUSSEIN*

ABSTRACT

Aliphatic glucosinolate is an important secondary metabolite responsible in plant defense mechanism and carcinogenic 
activity. It plays a crucial role in plant adaptation towards changes in the environment such as salinity and drought. 
However, in many plant genomes, there are thousands of genes encoding proteins still with putative functions and 
incomplete annotations. Therefore, the genome of Arabidopsis thaliana was selected to be investigated further to identify 
any putative genes that are potentially involved in the aliphatic glucosinolate biosynthesis pathway, most of its gene are 
with incomplete annotation. Known genes for aliphatic glucosinolates were retrieved from KEGG and AraCyc databases. 
Three co-expression databases i.e., ATTED-II, GeneMANIA and STRING were used to perform the co-expression network 
analysis. The integrated co-expression network was then being clustered, annotated and visualized using Cytoscape plugin, 
MCODE and ClueGO. Then, the regulatory network of A. thaliana from AtRegNet was mapped onto the co-expression 
network to build the transcriptional regulatory network. This study showed that a total of 506 genes were co-expressed 
with the 61 aliphatic glucosinolate biosynthesis genes. Five transcription factors have been predicted to be involved 
in the biosynthetic pathway of aliphatic glucosinolate, namely SEPALLATA 3 (SEP3), PHYTOCHROME INTERACTING FACTOR 
3-like 5 (AtbHLH15/PIL5), ELONGATED HYPOCOTYL 5 (HY5), AGAMOUS-like 15 (AGL15) and GLABRA 3 (GL3). Meanwhile, 
three other genes with high potential to be involved in the aliphatic glucosinolates biosynthetic pathway were identified, 
i.e., methylthioalkylmalate-like synthase 4 (MAML-4) and aspartate aminotransferase (ASP1 and ASP4). These findings 
can be used to complete the aliphatic glucosinolate biosynthetic pathway in A. thaliana and to update the information 
on the glucosinolate-related pathways in public metabolic databases.
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ABSTRAK

Glukosinolat alifatik merupakan metabolit sekunder penting di dalam mekanisme pertahanan tumbuhan dan aktiviti  
karsinogen. Glukosinolat juga penting di dalam penyesuaian terhadap persekitaran seperti kemasinan dan kemarau. 
Namun begitu dalam kebanyakan genom tumbuhan, masih banyak fungsi gen yang mengekod protein adalah putatif dan 
tidak lengkap. Oleh itu, genom Arabidopsis thaliana telah dipilih untuk dikaji dengan lebih mendalam untuk mengenal 
pasti gen putatif yang berpotensi terlibat di dalam tapak jalan biosintesis glukosinolat alifatik. Gen biosintetik glukosinolat 
alifatik telah dikumpul daripada pangkalan data KEGG dan AraCyc manakala pangkalan data ATTED-II, GeneMANIA dan 
STRING digunakan dalam analisis pengekspresan bersama. Integrasi jaringan pengekspresan bersama telah dilakukan 
dengan menggunakan perisian Cytoscape, MCODE dan ClueGO. Kesemua gen pengekspresan bersama yang terlibat 
dipetakan menggunakan set data jaringan pengawal atur daripada pangkalan data AtRegNet. Hasil kajian ini berjaya 
mengenal pasti 506 gen yang telah diekspreskan bersama dengan 61 gen biosintetik glukosinolat alifatik. Lima faktor 
transkripsi telah berjaya dikenal pasti dan didapati terlibat di dalam mengawal atur biosintetis glukosinolat alifatik iaitu 
SEPALLATA 3 (SEP3), PHYTOCHROME INTERACTING FACTOR 3-like 5 (AtbHLH15/PIL5), ELONGATED HYPOCOTYL 5 (HY5), 
AGAMOUS-like 15 (AGL15) dan GLABRA 3 (GL3). Kajian ini mengukuhkan lagi penglibatan gen berpotensi di dalam 
tapak jalan biosintesis glukosinolat alifatik melalui penemuan gen methylthioalkylmalate-like synthase 4 (MAML-4) dan 
aspartate aminotransferase (ASP4 dan ASP1) menggunakan kaedah yang telah dijalankan. 

Kata kunci: Analisis pengekspresan bersama; biosintesis glukosinolat alifatik; jaringan pengawal atur 

INTRODUCTION

Glucosinolates are secondary metabolites that contain 
the core structure of β-D-thioglucose group linked to 
the sulphonated aldoxime moiety and amino acid side 

chain (Redovniković et al. 2012). They are mostly 
found in Brassicaceae family (Sønderby et al. 2010). 
These metabolites are divided into three groups, i.e., 
aromatic, aliphatic and indolic (Redovniković et al. 2012). 
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Aromatic glucosinolates are derived from phenylalanine 
and tyrosine, indolic glucosinolates are derived from 
tryptophan and aliphatic glucosinolates are derived from 
methionine, alanine, leucine, isoleucine and valine (Halkier 
& Gershenzon 2006). 
	 The accumulation of aliphatic glucosinolates can 
be divided into three main phases; i.e., the elongation of 
amino acid side chain, followed by the formation of core 
structure of glucosinolate and the secondary modification 
to synthesize aliphatic glucosinolates with specific 
function (Nour-Eldin & Halkier 2009). The synthesized 
aliphatic glucosinolates are important not only in plant 
growth and development, they also play an important 
role in the adaptation towards environmental stress such 
as salt toleration adaptation in salinity (Martínez-Ballesta 
et al. 2015). Moreover, aliphatic glucosinolates are also 
nutrient elements that are important in carcinogenic activity 
(Rameeh 2015) and plant defenses (Redovniković et al. 
2008). When the plant tissues are being attacked by the 
herbivores, it was found that glucosinolates will activate 
myrosinase enzyme (Rohr et al. 2009). This enzyme 
hydrolyzes aliphatic glucosinolates and produces several 
toxic compounds such as isothiocyanate, thiocyanate, 
nitrile and epithionitrile (Halkier & Gershenzon 2006). 
Besides, the hydrolysis of aliphatic glucosinolates also 
produce other toxic compounds such as sulforaphane and 
sinigrin that inhibit proliferation and catalyze the apoptosis 
of cancer cells hence reducing the risk of cancer (Atwell 
et al. 2015).
	 To date, studies on the biosynthesis of aliphatic 
glucosinolates are still poorly understood. This is 
because A. thaliana genome contains thousands of genes 
encoding protein with unknown functions and incomplete 
annotation. Incomplete annotation limits the genome-
scale metabolic model prediction activity (Bradbury et 
al. 2013). To address this issue, this study was carried 
out to identify these genes and to predict if they have the 
potential to be involved in the aliphatic glucosinolates 
biosynthetic pathway using genome-context analysis such 
as co-expression and regulatory analysis. In this study, the 
model plant A. thaliana was used as its leaves have high 
content of aliphatic glucosinolates (Beekwilder et al. 2008). 
Transcriptomic data were utilized in the gene expression 
analysis and the co-expression network of aliphatic 
glucosinolate biosynthesis was built using three public 
databases, ATTED-II (Obayashi et al. 2007), GeneMANIA 
(Warde-Farley et al. 2010) and STRING (Szklarczyk et al. 
2017). Further analyses were also conducted that include 
gene clustering using MCODE (Bader & Hogue 2003) and 
functional enrichment by ClueGO (Bindea et al. 2009) in 
Cytoscape. According to Serin et al. (2016), genes that 
have similar function or involve in the same regulatory 
pathway tend to share similar expression pattern, forming 
modules in the network. From those modules, the known 
genes can be used to predict the function of co-expressed 
putative genes (van Dam et al. 2017). The transcriptional 
regulatory network aliphatic glucosinolate biosynthesis 

was constructed to support other biological information 
and to identify the functional relationship between the 
regulatory genes and the candidate genes.

MATERIALS AND METHODS

GENE MINING

Kyoto Encyclopedia of Genes and Genomes (KEGG) 
version 80.0 (Kanehisa et al. 2016) was used in finding 
the aliphatic glucosinolate biosynthetic pathway. AraCyc 
version 14.0 (Mueller et al. 2003) database was used 
in searching for the aliphatic glucosinolate genes in A. 
thaliana. List of genes from both databases were compared, 
combined and integrated to eliminate the redundant genes.

CO-EXPRESSION NETWORK ANALYSIS

Co-expression network analysis was conducted to 
identify the genes that are possibly involved in the 
aliphatic glucosinolate biosynthesis. Li et al. (2015) 
stated that genes having similar expression profiles are 
usually connected by the interaction in the network. The 
co-expressed genes are predicted to have the same roles 
and involved in the same biological processes (Roy et 
al. 2016). All genes obtained from KEGG and AraCyc 
databases were used as an input to generate the co-
expression network using three co-expression databases; 
i.e., GeneMANIA (Warde-Farley et al. 2010), STRING 
version 10.0 (Szklarczyk et al. 2017) and ATTED-II version 
8.0 (Obayashi et al. 2007). Raw data in these databases 
were obtained from the expression data repository known 
as Gene Expression Omnibus (GEO). In addition, in 
GeneMANIA, STRING and ATTED-II, microarray data were 
used to calculate the gene expression. The constructed 
co-expression networks and other expression information 
such as expression level were then being visualized, 
integrated and analyzed using Cytoscape (Shannon et 
al. 2003) software.

GENE CLUSTERING

Genes in the integrated co-expression network were 
clustered based on the guilt-by-association principle 
where genes that were co-expressed with the aliphatic 
glucosinolate biosynthesis genes in the same module, 
do share the same biological function or involve in the 
same metabolic process (Nützmann et al. 2016). This co-
expression network was clustered using Cytoscape plugin, 
MCODE (Bader & Hogue 2003). MCODE clusters the genes 
by identifying the region based on the interaction density 
in the network and this region may represent the molecular 
complex (Mao et al. 2009). The parameters in the clustering 
analysis were set as default whereby both degree cutoff 
and k-value were set to 2.0. The interactions with k-value 
< 2.0 were eliminated and modules with scores > 2.0 and 
have at least three nodes were selected for the functional 
enrichment analysis.
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FUNCTIONAL ENRICHMENT

A Cytoscape plugin, ClueGO (Bindea et al. 2009) was 
applied to perform the functional enrichment of the 
modules and it also provides interactive visualization. 
Hypergeometric method was selected for statistical test and 
the generated p-values were corrected with the Bonferroni 
method where the cut-off value was <0.05. Cluepedia was 
also employed in this analysis in order to visualize the 
involvement of the genes in the biological process.

RECONSTRUCTION OF THE REGULATORY NETWORK

Microarray data were integrated with the regulatory 
information where co-expressed genes in the microarray 
analysis tend to share similar cis-regulatory elements (Serin 
et al. 2016). Thus, the target genes that are regulated by the 
same transcription factor with the aliphatic glucosinolate 
genes were also predicted to be involved in the same 
biological process. The transcriptional regulatory data were 
retrieved from A. thaliana Regulatory Network (AtRegNet) 
database (Yilmaz et al. 2011) that stores A. thaliana 
transcriptional regulatory data. List of the transcription 
factors and their target genes were downloaded, visualized 
and mapped onto the co-expression network using 
Cytoscape and the reconstructed regulatory network was 
then being analyzed.

RESULTS AND DISCUSSION

GENE MINING

A total of 61 genes involved in the aliphatic glucosinolate 
biosynthesis pathway were identified where four of them 
were retrieved from KEGG database and 46 of them were 
identified from AraCyc database. Meanwhile, eleven of 
them were found from both metabolic databases. These 
61 aliphatic glucosinolate genes consist of 13 genes in 
the elongation of amino acid side chain phase, 14 genes 
in the formation of glucosinolate core structure phase and 
34 genes in the secondary modification phase (Table 1).

	 According to Redovniković et al. (2012), aliphatic 
glucosinolate biosynthesis can be divided into three 
main phases. The first phase is the elongation of amino 
acid side chain followed by the formation of core 
structure glucosinolate and the secondary modification 
of glucosinolate side chain. Thirteen of them were found 
involved in the elongation of amino acid side chain. This 
phase includes the deamination of amino acid to 2-oxo acid 
catalyzed by the BCAT genes (Lächler et al. 2015). BCAT1 
encodes the mitochondrial BCAT (Schuster et al. 2006) 
while BCAT2, BCAT3, and BCAT5 encode the chloroplast 
BCAT in valine-, leucine- and isoleucine-derived of 
aliphatic glucosinolates (Binder 2010). BCAT4 encodes the 
cytosol BCAT, functioning in the elongation of amino acid 
side chain methionine-derived of aliphatic glucosinolate 
(Lächler et al. 2015). The 2-oxo acid then undergoes 
the transformation cycle including the condensation of 
acetyl CoA by methylthioalkylmalate synthase (MAM), 
isomerization of isopropyl isomerase (IPMI2) and oxidative 
decarboxylation by isopropylmalate dehydrogenase (IMD1, 
IMD2, IMD3, AT1G80555.1 and IIL1) (Field et al. 2006). 
MAM1 catalyzes the condensation in elongation of the C1 
and C3 of methionine (Sønderby et al. 2010). Meanwhile, 
MAM3 catalyzes the condensation in elongation from C1 
until C6 (Textor et al. 2007). 
	 The elongated side chain of amino acid is then 
subjected to the formation of glucosinolate core structure 
involving 14 identified aliphatic glucosinolate genes. 
This phase starts with the conversion of amino acid to 
aldoxime by cytochrome P450 (CYP79) (Mostafa et al. 
2017). CYP79F1 metabolizes all the elongated methione-
derived side chain and CYP79F2 only metabolizes penta-
homomethione and hexa-homo-methionine (Redovniković 
et al. 2008). Aldoximes are then being oxidized by 
CYP83A1 into the active form and transformed into 
thiohydroximates through conjugation of glutathione 
and C-S lyase (SUR1) reaction (Grubb & Abel 2006). 
The thiohydroximates are then converted into the 
glucosinolate structure catalyzed by S-glucosyltransferase 
(UGT74B1 and UGT74F1) and sulfotransferase (SOT16, 

TABLE 1. List of genes involved in different aliphatic glucosinolate biosynthesis phases

Biosynthesis phase Gene involved

Elongation of amino acid side chain AT1G80555.1, BCAT1, BCAT2, BCAT3, BCAT4, BCAT5, IIL1, IMD1, IMD2, IMD3, 
IPMI2, MAM1, MAM3

Formation of core structure glucosinolate AT4G28410.1, AT4G28420.2, CYP79C1, CYP79C2, CYP79F1, CYP79F2, 
CYP83A1, SOT16, SOT17, SOT18, SUR1, TAT3, UGT74B1, UGT74F1

Secondary modification 2A6, AOP2, AOP3, AT1G03400.1, AT1G04350.1, AT1G04380.1, AT1G06620.1, 
AT1G06640.1, AT1G06645.1, AT1G06650.2, AT1G12130.1, AT1G12160.1, 
AT1G62600.1, AT1G62620.1, AT1G63340.1, AT1G63370.1, AT1G63390.1, 
AT2G25450.1, AT2G30830.1, AT2G30840.1, AT3G61400.1, AT5G07800.1, 
AT5G43440.1, AT5G43450.1, AT5G59530.1, AT5G59540.1, AT5G61290.1, FMO, 
FMO_GS-OX1, FMO_GS-OX2, FMO_GS-OX3, FMO_GS-OX4, FMO_GS-OX5, 
NOGC1
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SOT17 and SOT18) (Ishida et al. 2014). In A. thaliana, 
aliphatic glucosinolate can be modified into six different 
glucosinolates (Nour-Eldin & Halkier 2009). This 
phase includes the oxidation of methylthio sulphur to 
methylsulfinyl by flavin monooxygenase (FMOGS-OX1, 
FMOGS-OX2, FMOGS-OX3, FMOGS-OX4 and FMOGS-OX5) 
in methylsulfinyl glucosinolate biosynthesis (Sønderby et 
al. 2010). Meanwhile, S-oxygenated glucosinolate can be 
converted into hydroxyalkyl or into alkenyl glucosinolate 
by AOP2 and AOP3 genes (Neal et al. 2010).

CO-EXPRESSION NETWORK AND CLUSTER ANALYSIS

The aliphatic glucosinolate biosynthesis genes were 
then used as a query in co-expression analysis. The co-
expression networks from ATTED-II, GeneMANIA and 
STRING were visualized and integrated using Cytoscape 
3.4.0 software, yielding a network consisting of 506 
genes that co-expressed with 61 aliphatic glucosinolate 
genes (Figure 1). Clustering analysis employed by MCODE 
showed a total of 37 modules in the network. However, 
the main focus was paid to the modules containing 
aliphatic glucosinolate genes that were mined before, 
with the assumption that genes that co-expressed with 
those aliphatic glucosinolate genes in the same module, 
potentially share similar function in the same biological 

pathway. Four modules which are Module 1, Module 2, 
Module 3 and Module 4 score of 30.0, 19.103, 17.034 and 
14.8, respectively (Figure 2).
	 The co-expression network was then being clustered 
using MCODE plugin yielding four modules containing the 
known genes (Figure 2 & Table 2). The results showed 
that Module 1 had highly dense interconnected region 
compared to the other modules. Genes from Module 
1 were found to co-express with four genes from the 
elongation of side chain amino acid phase, suggesting 
that all genes in this module might participate in the first 
phase of biosynthesis. IMS1 and MAML-4 genes were 
predicted to have the same function with IMS2 and MAM1 
that catalyze the condensation of methylthio-2-oxoalkanoic 
with acetyl CoA to synthesize 2-methylthioalkylmalate 
(Textor et al. 2007). This reaction occurs in the elongation 
of methionine-derived side chain phase in aliphatic 
glucosinolate biosynthesis (Sønderby et al. 2010). Besides, 
IPMI1 gene was predicted to have the same functional role 
with IPMI2 and IIL1 that convert the 2-isopropylmalate to 
3-isopropylmalate in leucine biosynthesis pathway (Binder 
2010). Similar to Module 1, 22 genes from Module 2 were 
also predicted to be involved in the elongation of side chain 
amino acid phase based on their co-expression relationship 
with the seven known genes; i.e., IMD1, IMD2, IMD3, BCAT1, 
BCAT2, BCAT3, BCAT4 and AT1G800555 in this module.

FIGURE 1. The integrated co-expression network. The genes were being categorized by the type of genes and their expression level. The 
square nodes represent the known genes while the round nodes represent for the potential genes. Meanwhile, different color of nodes 
shows different range of expression level. Yellow nodes represent genes having expression level below than 5.0, red nodes represent 
genes having expression level between 5.0 and 8.0, dark blue nodes represent genes having expression level higher than 8.0, and the 

soft blue nodes represent for the genes that did not have any expression level records from the database
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	 Meanwhile, genes from Module 3 such as cystine 
lyase (CORI3) and tyrosine aminotransferase (TAT7) 
were shown to be potentially involved in the formation 
of core structure glucosinolate phase based on their 
interactions with the known genes such as SUR1, TAT3, 
AT4G28420, and AT4G28410 that cleave the conjugated 
S-alkylthiohydroximate into thiohydroximate, pyruvate 
and ammonia (Grubb & Abel 2006). 

FUNCTIONAL ENRICHMENT

Functional enrichment analysis was performed in order 
to identify the biological processes of the genes in each 
module. As a result, genes from Modules 1, 2, 3 and 4 
were enriched with the significant GO terms of biological 
process (Table 3). Genes in Module 1 were found to have 
22 significant GO terms. However, we are focusing to the 
biological processes that contribute to the biosynthesis of 

FIGURE 2. Modules containing known genes and the potential genes. (A) Module 1, (B) Module 2, (C) Module 3, (D) Module 4

TABLE 3. GO biological process of aliphatic glucosinolate biosynthesis genes in modules

Module GO ID GO term Genes
1 16143 S-glycoside metabolic process IIL1, IMS2, IPMI1, IPMI2, MAM1

44272 Sulphur compound biosynthesis process ACLB-1, ACLB-2, IIL1, IMS2, IPMI1, IPMI2, MAM1

9097 Isoleucine biosynthesis process CSR1, OMR1, VAT1

9082 Branched-chain amino acid biosynthesis 
process 

CSR1, IIL1, IMS1, IMS2, IPMI1, IPMI2, MAML-4, 
OMR1, VAT1

19761 Glucosinolate biosynthesis process IIL1, IMS2, IPMI1, IPMI2, MAM1

2 9081 Branched-chain amino acid metabolic process BCAT-1, BCAT-2, BCAT3, BCAT4, IMD1

6103 2-oxoglutarate metabolic process ASP1, ASP3, ASP4, ASP5

6531 Aspartate metabolic process ASP1, ASP3, ASP4, ASP5

4 9625 Response to insects CYP79F1, CYP83A1, MYB28

44272 Sulphur compound biosynthesis process BAT5, CYP79F1, CYP79F2, CYP83A1, MYB28, SOT17, 
SOT18, UGT74B1

19761 Glucosinolate biosynthesis process BAT5, CYP79F1, CYP79F2, CYP83A1, MYB28, SOT17, 
SOT18, UGT74B1

TABLE 2. List of modules with genes in the aliphatic glucosinolate biosynthesis co-expression network

Module Score Known genes Co-expressed genes

1 30.0 IIL1, IPMI2, MAM1, MAM3 OMR1, ACLB-2, CSR1, IMS1, MAML-4, IPMI1

2 19.103 BCAT-2, BCAT3, BCAT-1, IMD3, 
IMD2, BCAT4, IMD1

ASA1, ASP3, PAT1, ACC2, GLDP2, ACC1, ASP5, 
GLU2, GLU1, ASP1, ASP4

3 17.034 TAT 3 ,  S U R 1 ,  AT 4 G 2 8 4 2 0 , 
AT4G28410

TAT7, T21L8.140, PD1, GDH3, GDH2, GDH1, 
CORI3, BCE2, ASB1, ASA2, ADT6, ADT5, ADT4, 
ADT2

4 14.8 CYP83A1, CYP79F1, AOP3, 
FMOGS-OX1, SOT17, UGT74B1, 
FMOGS-OX2, CYP79F2

AT1G63370, CB5-C, GSTU20, GSTF11, NOGC1, 
MYB28, AK3, BAT5, AT1G62600
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aliphatic glucosinolate. Therefore, 11 biological processes 
related to the aliphatic glucosinolate biosynthesis were 
identified including isoleucine biosynthesis process, 
sulphur compound biosynthesis and branched-chain 
amino acid biosynthesis. While, genes from Module 
2 were found significantly enriched in three related 
biological processes such as branched-chain amino 
acid metabolic process, aspartate metabolic process 
and 2-oxoglutarate metabolic process. This enrichment 
analysis also showed that genes from Module 4 are 
involved in several biological processes related to the 
aliphatic glucosinolate biosynthesis such as response 
to insects and S-glycoside biosynthesis. However, there 
was no related biological process enriched by the genes 
from Module 3.
	 Functional enrichment analysis demonstrated that 
genes from Module 1 were significantly enriched in different 
biological process associated with aliphatic glucosinolate 
biosynthesis including isoleucine biosynthesis, sulphur 
compound biosynthesis and many more. Acetolactate 
synthase 1 (CSR1), L-O-methylthreonine resistant (OMR1) 
and valine-tolerant 1 (VAT1) were collectively enriched in 
isoleucine biosynthesis. These processes are important 
in the accumulation of aliphatic glucosinolate. Besides, 
sulphur compound biosynthesis, S-glycoside biosynthesis, 
branched-chain amino acid biosynthesis and glucosinolate 
biosynthesis processes were also enriched by several 
genes from this module including 2-isopropylmalate 
synthase 2 (IMS2) and IPMI1. All these processes become 
part of aliphatic glucosinolate biosynthesis. This is 
because aliphatic glucosinolate is a plant secondary 
metabolite containing nitrogen and sulphur compounds 
(Redovniković et al. 2008). Besides, the core structure of 
glucosinolate contains β-D-thioglucoside group linked 
to the sulphonated aldoxime moiety and amino acid side 
chain (Lee et al. 2017). 
	 Some of the genes from Module 2 such as aspartate 
aminotransferase (ASP), BCAT and IMD1 were annotated in 
three associated biological processes such branched-chain 
amino acid metabolic process, 2-oxoglutarate metabolic 
process and aspartate metabolic processes. 2-oxoglutarate 
metabolic process was predicted to be associated with 
aliphatic glucosinolate biosynthesis. According to Farrow 
and Facchini (2014), 2-oxoglutarate is an organic acid in 
TCA cycle and it is also a substrate for 2-oxoglutarate-
dependent dioxygenase (2-ODD) found in A. thaliana 
glucosinolate biosynthetic pathway.
	 GO enrichment analysis showed that bihomomethionine 
N-hydroxylase (CYP79F1), cytochrome P450 83A1 
(CYP83A1) and MYB28 genes from Module 4 are 
involved in response to insects’ attack by catalyzing the 
hydrolyzation of glucosinolate and producing several toxic 
compounds such as including thiocyanate, isothiocyanate, 
nitrile and epithionitrile to deter the insects (Hopkins et al. 
2009). Moreover, a total of eight genes from this module 
such as bile acid transporter (BAT5) and MYB28 genes were 
associated in the glucosinolate biosynthetic and sulphur 
containing compound biosynthetic pathways.

REGULATORY NETWORK

The transcriptional regulatory network of aliphatic 
glucosinolate biosynthesis was built by mapping the 
regulatory network from AtRegNet onto the co-expression 
network. The constructed regulatory network consisted of 
185 nodes that represent genes and transcription factors 
connected by 228 regulatory pairs. The analysis, however, 
was only focused on the transcription factors that regulates 
the aliphatic glucosinolate genes. Thus, genes that share the 
same transcription factor with the aliphatic glucosinolate 
genes were predicted to have a tendency to be involved in 
the same biological pathway. As a result, five regulatory 
genes including sepallata 3 (SEP3), phytochrome interacting 
factor 3-like 5 (PIL5), long hypocotyl 5 (HY5), agami-like 
15 (AGL15) and glabra 3 (GL3) were known to contribute in 
the regulation of aliphatic glucosinolate genes (Figure 3).
	 Transcriptional regulation is determined through the 
identification of cis-element by transcription factor binding 
sites domain (Suryamohan & Halfon 2015). The binding 
of the transcription factor at this cis-element region of 
the promoter site and their interactions in the regulatory 
network influence the expression of the target genes (Smita 
et al. 2015). Therefore, the transcriptional regulatory 
network was constructed to explore the involvement 
of transcription factors in the aliphatic glucosinolate 
biosynthesis pathway. 
	 Five transcriptional factors (Table 4) were identified 
to play a crucial role in a plant defense system including 
abiotic and/or biotic stress response. Based on Kaufmann 
et al. (2009), SEP3 is a MADS-domain protein expressed 
during flower development by modulating auxin response 
to facilitate morphogenesis and the growth of the floral 
organ. While PIL5 is a negative regulator that binds to 
the phytochrome (Moon et al. 2008). Phytochrome is a 
photoreceptor that stimulates the seed proliferation in 
plants and the inhibition of this phytochrome by PIL5 drops 
the level of gibberellic acid (Oh et al. 2009). Low level of 
gibberellic acid activates DELLA protein that stimulates 
the biosynthesis of abscisic acid (Kim et al. 2008). The 
abscisic acid produced are found to participate in response 
to pathogen attacks (Cao et al. 2011) and response to a 
variety of environmental stresses such as drought and 
salinity (Seo & Koshiba 2002). 
	 Another transcription factor found was HY5 and it 
regulates the photomorphogenesis positively (Cluis et al. 
2004) by activating the genes that stimulate photosynthesis, 
photopigment biosynthesis as well as chloroplast and 
seed cotyledon development (Toledo-Ortiz et al. 2014). 
It also stimulates the accumulation of anthocyanin and 
reactive oxygen species (ROS) (Zhang et al. 2011). Based 
on the reconstructed regulatory network, HY5 was found 
to activate methylthioalkylmalate synthase 1 (MAM1) gene 
and inhibit late embryogenesis abundant-containing gene 
(AT1G72100). AT1G72100 was potentially involved in the 
aliphatic glucosinolate genes due to its ability to tolerate 
abiotic stresses such as cold, drought and salinity. This gene 
was abundantly found during the dehydration of plant seeds 
in the late embryogenesis phase (Hundertmark & Hincha 
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2008). Similar to PIL5, Zheng et al. (2013) stated that AGL15 
transcription factor also inhibits the expression of genes 
encoding auxin receptor in somatic embryogenesis, leading 
to the biosynthesis of abscisic acid which is essential in the 
biotic and abiotic response of the plants. 
	 On the other hand, previous studies showed that GL3 
participate in the regulation of trichome development 
(Wada et al. 2014). Trichome is a hairy epidermis cell 
that appeared on the leaves of most plants and high level 
of trichome can protect the plants from herbivore attacks 
(Yoshida et al. 2009). This is due to the high level of 
aliphatic glucosinolate in the trichomes of A. thaliana’s 
leaves that activate the glucosinolate-myrosinase system, 
producing toxic compounds to herbivores (Frerigmann et 
al. 2012).

	 Among 506 identified genes, methylthioalkylmalate-
like synthase 4 (MAML-4) has the highest potential to 
be involved in the aliphatic glucosinolate biosynthetic 
pathway, followed by aspartate aminotransferase 
(ASP1 and ASP4) genes. In this study, we found that 
MAML-4 was the highest potential gene involved in the 
aliphatic glucosinolate biosynthetic pathway. MAML-4 
was co-expressed with IPMI2 and IIL1 in Module 1 and 
annotated with several biological processes related to 
the accumulation of aliphatic glucosinolate such as 
carboxylic acid biosynthetic process, leucine metabolic 
process and branched-chain amino acid biosynthetic 
process. In addition, it was also regulated by the same 
transcription factor with IMD1 and IMS2 genes, proving 
that it might carry similar function with these genes. This 

FIGURE 3. Aliphatic glucosinolate biosynthesis regulatory network. Yellow nodes represent the known genes and 
green nodes represent the potential genes involved in the aliphatic glucosinolate biosynthesis. These genes were 

connected by different colors of nodes and edges that represent as transcription factors

TABLE 4. List of transcription factors with regulated genes

Transcription 
factor

Target genes

Known genes Potential genes
SEP 3 2A6, BCAT1, BCAT-2, FMO_GS-OX4, IMS2, 

IPMI2, NOGC1
AAP5, ADT4, AK-HSDH_II, ANNAT1, AOS, 
APK, APL3, ASB1, ASP1, AtMYB28, AtMYB37, 
AtMYB56, AtMYB76, AtMYB87

PIL5 ATMDI1/IMD1, NOGC1 AK-HSDH_I, APS3, ASN1, CAT3, GDH2, SIR, 
VND7

HY5 MAM1 AT1G72100

AGL15 IMD1, BCAT-2, FMO, IMS2, SUR1 AER, AOS, AOX1A, APK, ASB1, ASN1, ASP1, 
ASP4

GL3 IPMI2 AT-HF, CYP79B3, GDH3, NAC13, SIR, TAT7
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finding was supported by the previous study done by Field 
et al. (2006). Their findings stated that MAML-4 encodes 
an enzyme that catalyzes the condensation of acetyl-CoA 
of elongated 2-oxo acid in the elongation of amino acid 
side chain leucine- or methionine-derived glucosinolate 
phase.
	 Meanwhile, ASP1 and ASP4 were the second highest 
predicted genes participated in the biosynthesis pathway. 
Based on the clustering analysis, ASP1 and ASP4 genes 
showed high tendency to have a similar role with 
branched-chain amino acid transaminase genes (BCAT). 
Furthermore, these two genes were also annotated with 
the aliphatic glucosinolate biosynthesis-related biological 
processes such as aspartate metabolic process and share 
similar transcription factor with BCAT1 and BCAT2 in 
the regulatory analysis. The involvement of ASP1 and 
ASP4 in the aliphatic glucosinolate biosynthesis was in 
agreement with the findings Miesak and Coruzzi (2002), 
demonstrating that ASP1 encodes for an aspartate amino 
acid enzyme in mitochondria, while, ASP4 encodes for 
aspartate aminotransferase in cytosol.

CONCLUSION

The identification of potential genes will enhance 
understanding of aliphatic glucosinolate biosynthesis 
mechanism in plant defense system. The information 
discovered in this study can be used to complete and 
update the aliphatic glucosinolate biosynthetic pathway 
in the KEGG and Aracyc databases, providing a clearer 
understanding of the biosynthesis of glucosinolate 
specifically in A. thaliana. 
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