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1. Introduction
The Brassicaceae family often known as Cruciferae/
crucifers is the most significant model species in plant 
biology (Inturrisi et al., 2018). Brassicaceae comprises of 
338 genera and more than 3700 species of flowering plants 
distributed throughout the world (Shankar et al., 2019; 
Sharma et al., 2022). This family includes Arabidopsis 
thaliana (L.) Heynh and well known economically and 
agronomically important plants e.g.,  Brassica (B. rapa 
L., B. oleracea L., B. napus L., B. nigra L. and B. juncea 
(L.) Czern (Raza et al., 2020; Kaur et al., 2022). Brassica 
species produce vegetable and oilseed crops, accounting 
for around 10% of global vegetable production and 12% 
of global edible vegetable oil production (Labana and 
Gupta, 1993; Beilstein et al., 2006; Klopsch et al., 2017). 
Brassicaceae members yield unique secondary metabolites 
that are not only different to the family, but also to the 
genus and species (Raza et al., 2020). This family consists 
expanding number of species that are used as research 
platforms in a variety of fields, including plant genomics, 
breeding, and evolutionary biology.

Over the past two decades, research on Brassicaceae 
has changed our understanding in every sector of 

plant biology. However, understanding the mode and 
mechanisms of the evolution of the angiosperm flower 
is a long-standing and central problem of evolutionary 
biology (Franzke et al., 2011). Moreover, the systematics 
and taxonomy of the Brassicaceae family are extremely 
complicated and need to be addressed with more relevant 
and trustworthy information (Kiefer et al., 2014; Baloch et 
al., 2022). As a result, Brassicaceae have recently become a 
focus of comparative genomes and genetics research. 

Cyclic nucleotide gated channels (CNGCs) are calcium-
permeable channels that are engaged in a variety of 
biological functions (Saand et al., 2015a; Baloch et al., 2021). 
The eukaryotic genomes harbor multiple CNGC genes, 
hence called as CNGC gene family. The CNGC genes and 
proteins have been identified and characterized from the 
genomes of several plants and animals. In animal systems, 
the CNGC-encoded proteins have been well investigated 
and reported to play important role in sensory transduction 
(optical and olfactory) (Zagotta and Siegelbaum, 1996; 
broillet and Firestein, 1999; Kaupp and Seifert, 2002). In 
plants, the CNGC families have been reported in selected 
crop genomes, including A. thaliana (L.) Heynh (Mäser et 
al., 2001), Physcomitrella patens (Hedw.) Bruch & Schimp 
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(Gehring, 2013), rice (Nawaz et al., 2014), pear (Chen et al., 
2015), tomato (Saand et al., 2015a), Chinese cabbage (Kakar 
et al., 2017), maize (Hao and Qiao, 2018), tobacco (Nawaz et 
al., 2019), and turnip (Baloch et al., 2021) respectively. The 
emerging picture suggests that plant CNGCs are involved 
in signal transduction pathways (Pandey and Sanyal, 2021) 
and regulate many key physiological processes such as 
transport and absorption of toxic or essential cations, Ca2+ 
signaling, development, pollen fertility, geotropism, leaf 
senescence, innate immunity, and abiotic and biotic stress 
resistance (Baloch et al., 2019). Using different in silico and 
experimental approaches, studies have unraveled many 
important features of plant CNGC genes and proteins. For 
example, most of these proteins reside inside membranes of 
the membrane-bounded organelles (Yuen and Christopher, 
2013; Charpentier et al., 2016), and function in group-
specific manner. Phylogenetically, the plant CNGC 
proteins can be unanimously classified into four major 
and two subclades. Each CNGC protein comprises a fully 
conserved transmembrane (TM)/ion-transport domain 
at N-terminus and cNMP-binding domain (CNBD) at 
C-terminus with overlapped Calmodulin (CaM) binding 
(CaMBD) and adjacent isoleucine–glutamine (IQ) domains 
inside the CNBD that is optional in some CNGCs. Besides, 
the CNBD contains two well-preserved regions known as 
PBC (phosphate binding cassettes) motif, which binds the 
sugar and phosphate moieties of the cNMP ligand, and a 
“hinge” region adjacent to the PBC, which is believed to 
contribute to ligand binding efficacy and selectivity (Chin 
et al., 2009; Saand et al., 2015a; DeFalco et al., 2016; Baloch 
et al., 2021). The latest criterion for correct identification of 
CNGC genes are their validation through CNGC-specific 
motif keys (Baloch et al., 2021; Baloch et al., 2022), which 
has been used only in selected genome-wide identification-
based studies. Despite this progress, our understanding 
of plant CNGCs in terms of the genomic structural 
organization, functional and evolutionary mechanism 
is still not fully understood, primarily due to frequent 
misidentification and availability of the genomic sequence 
data for only a few species. Therefore, in the present study, 
the genome-wide identification, characterization, and 
evolutionary analysis of CNGC gene families in sixteen 
species of Brassicaceae was performed by using the recently 
released reference genomic data in the Brassica database 
(BRAD). We used in silico approaches and utilized various 
tools and programs for in-depth examination, validation, 
and phylogenetic analysis of CNGC family members in 
Brassicaceae.

2. Materials and methods
2.1. Identification of CNGC proteins in Brassicaceae 
family 
Twenty A. thaliana (L.) Heynh CNGC family protein 
sequences taken from TAIR10 (Lamesch et al., 2012) were 

used as reference sequences to perform homology-based 
search (BLASTP program with default parameters) in the 
BRAD (Cheng et al., 2011). In Blast searches, obtained 
retrieved sequences showing >75% similarity to the query 
sequences, were used as input in the domain analysis tools: 
Simple Modular Architecture Research Tool (SMART) 
(Letunic et al., 2015), Pfam (Finn et al., 2016), Conserved 
Domains Database (CDD) (Marchler-Bauer et al., 2015) 
and Motif search service on GenomeNet., with default 
cutoff parameters. Obtained sequences containing both 
CNBD and TM domain, and the presence of “PBC” and 
“hinge region” within the cNMP-binding domain were 
recognized as CNGC proteins. The presence of CaMBD 
and IQ domains inside the CNBD was considered optional 
in genome-wide identification. Finally, the presence of 
consensus motif keys “[L]-X(0,1,2)-[G]-X(3)-G-X(0,1,2)-
[E]-L-[L]-X-[W]-X-[L]-X(7,37)-[S]-X(10,11)-[E]-[X]-
[F]-X-[L])  [[L] – X (2) - [G] -X(3)-[G] -X(1,2)-L -L -X 
-W -X( 0,1,2)-[L] -X( 7,14)[P] -X( 1,5)-S-X( 10)-[E] -X 
-[F] -X –L]” at 90% conservation in aligned  proteins 
was used for validation of candidate CNGCs (Zelman 
et al., 2013; Baloch et al., 2021; Baloch et al., 2022). The 
identified CNGC genes were renamed on the basis of their 
phylogenetic tree positions.  
2.2. Multiple sequence alignment and phylogenetic 
analysis 
The multiple sequence alignments of the CNGC peptide/
or protein sequences of selected Brassicaceae species were 
performed by using the ClustalX 2.0 program (Larkin et 
al., 2007) and observed by GeneDoc. MEGA 6.0 software 
(Maximum likelihood, Jones-Taylor-Thornton model, 
bootstrap of 1000) was utilized to generate phylogenetic 
trees. Later, another tree (neighbor joining method) was 
constructed based on multiple sequence alignments of the 
CNGC proteins from the all selected Brassicaceae species 
and taking Amborella trichopoda Baill. CNGC (AMTR_
s00210p00019190) as outgroup (Baloch et al., 2021). For 
identification purposes, the CNGC proteins of each species 
were individually aligned with AtCNGCs and phylogenies 
were performed. 

3. Results and discussion
3.1. Genome-wide identification of CNGCs in 
Brassicaceae
The CNGC gene families have been described in limited 
important plants (Almoneafy et al., 2014; Chen et al., 
2015; Saand et al., 2015b), including B. oleracea L. (Kakar 
et al., 2017), Nicotiana tabacum L. (Nawaz et al., 2019), 
and B. rapa L. (Baloch et al., 2021) by our group. However, 
genome-wide study of the CNGC genes have not been 
reported in many other important crucifer plants. In 
present study, we used in silico methods to perform de 
novo identification, characterization and evolutionary 
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analysis of CNGC gene families in sequenced genomes of 
Brassicaceae species. For this purpose, homology-based 
BLAST search was performed by using the available 
AtCNGCs as queries against selected genomes in BRAD. 
A total of 469 nonredundant putative gene sequences 
were retrieved and investigated for the occurrence of a 
CNBD domain and a TM domain. The CNBD domains 
are highly conserved among CNGCs, hence recognized 
as an authentic means to identify plant CNGCs (Lu et al., 
2022). Moreover, these sequences were manually analyzed 
for the occurrence of a CNGC-specific plant motif in 
PBC and hinge region of the CNBD. Consequently, 
fifty-five truncated sequences with missing CNGC-
specific domains were discarded from analysis (Table S1). 
Finally, 414 fully annotated CNGC genes were identified 
in sixteen species that represent 10 genera of 8 tribes of 
selected Brassicaceae, including our previously identified 
BoCNGCs (Kakar et al., 2017) and BrCNGCs (Baloch et al., 
2021)  (Figure 1). The identified gene families were named 

as AarCNGCs (Aethionema arabicum (L.) Andrz. ex DC.), 
AlCNGC (Arabidopsis lyrata (L.) O’Kane & Al-Shehbaz.), 
AalCNGCs (Arabis alpina L.), BjCNGCs (Brassica juncea 
(L.) Czern.), BnCNGCs (Brassica napus L.), BniCNGCs 
(Brassica nigra L.), BrCNGCs (Brassica rapa L.), CrCNGC 
(Capsella rubella Reut.), CsCNGCs (Cannabis sativa L.), 
EsCNGCs (Eutrema salsugineum (Pall.) Al-Shehbaz & 
Warwick.), LaCNGCs (Leavenworthia alabamica (L.) 
Rollins.), SiCNGCs (Sisymbrium irio L.), SpCNGCs 
(Schrenkiella parvula (Schrenk) D.A.German & Al-
Shehbaz.), ThCNGCs (Thellungiella halophila (C. A. Meyer) 
O. E. Schulz.) and TsCNGCs (Thellungiella salsuginea 
(Pall.) O.E.Schulz) (Figure S1). The CNGC genes number 
varied significantly among the plants (Saand et al., 2015a). 
Similarly, we found that the number of CNGC genes varied 
among selected Brassicaceae. The CsCNGC, BnCNGC, and 
BjCNGC were found to be the largest among the sixteen 
species, containing 51, 50, and 42 genes respectively 
(Figure 1). The AalCNGC family was the shortest among 

 Brassica juncea
Brassica napus

Brassica rapa
Brassica oleracea
Brassica nigra

Sisymbrium irio

Schrenkiella parvula

Thellungiella salsuginea
Thellungiella halophila

Eutrema salsugineum

Camelina sativa
Capsella rubella
Arabidopsis lyrata

Arabidopsis thaliana
Leavenworthia
Aethionema arabicum
Arabis alpina

Amborella trichopoda

Groups

Figure 1. Graphical representation of CNGC genes in Brassicaceae. (a) A model showing the domain architecture of Brassicaceae 
CNGCs. (b) Total number of CNGCs and their distribution in groups. (c) Consensus motif keys showing conserved regions of CNBD 
spanning PBD and hinge regions. (d) Phylogenetic relationships of sixteen Brassicaceae species based on neighbor joining tree of 
AtCNGC1 orthologues using Am. trichopoda  Baill.  CNGC (AMTR_s00210p00019190) as outgroup.
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the sixteen plant species, containing only 10 member 
genes. Vegetable crops (Brassica) had more CNGC genes 
than other crucifers, except C. sativa L., implying that 
CNGC genes expanded after divergence from a common 
ancestor (Cheng et al., 2014). The comprehensive genes 
and domain information of the selected species of the 
Brassicaceae CNGCs are given in Table S2. 
3.2. Multiple sequence alignment, conserved domains, 
and consensus motifs of Brassicaceae CNGCs
The multiple sequence alignment of 434 CNGC proteins, 
including twenty AtCNGCs, exhibited low to moderate 
similarity, varying between 50% and 75%. However, each 
member of the CNGC family contained fully conserved 
CNBD and TM domains. Most of them harbored 
overlapped CaMBD and adjacent IQ domains (Figures 

1a–1d). The two most conserved regions were recognized 
inside the CNBD: a PBC motif, which binds the sugar and 
phosphate moieties of the cNMP ligand, and a “hinge” 
region that is head-to-head with the PBC and involved 
in ligand binding effectiveness and choosiness (DeFalco 
et al., 2016; Baloch et al., 2021). At >90% conservation 
during alignment, we deduced the CNGC-specific 
consensus motif keys spanning the PBC and hinge region 
within the CNBD domain of each crucifer species, which 
validated all 414 CNGCs identified in this study (Figure 
1c and Figure S2). Interestingly, our identified motif 
contained two variable amino acids (P and V) which 
were conserved in the hinge region in contrast to the 
previously described motifs (Nawaz et al., 2014; Saand 
et al., 2015a). Therefore, the presence of P and V may be 
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used to identify other crucifer CNGCs. Taking the advice 
of recent research (Li et al., 2019), the motifs were relaxed 
enough to avoid miss-identification of new CNGCs and 
ensured that keys are applicable to identify other plant 
CNGCs (Zelman et al., 2013; Saand et al., 2015a). Using 
these keys, four additional CNGCs from the L. alabamica 
(L.) Rollins genome were identified and two accessions 
(i.e. Carubv10025546m and Carubv10013067m) from C. 
rubella Reut and a single accession (i.e. BjuA000233) from 
B. juncea (L.) Czern were discarded. It may be that these 
removed accessions are abnormal CNGCs and lost their 
functions during evolution (Kakar et al., 2017). However, 
to clearly illustrate this point, more research is required.
3.3. Phylogenetic analysis and evolution of Brassicaceae 
CNGCs
To understand the evolutionary pattern of CNGCs in 
Brassicaceae, we inferred a rooted tree of single gene 
orthologs, using Am. trichopoda Baill. CNGC as an 
outgroup. The phylogenetic position of these genes in the 
sixteen representative genomes was nearly similar, showing 
that the CNGC gene family first originated in Arabideae 
among eight tribes, which bifurcated into Aethionemeae 
and Cardamineae leading to the origination of Camelineae, 
Eutremeae, Brassicaceae incertae sedis, Sisymbrieae, and 
Brassiceae respectively (Figure 1d). 

Phylogenetic analysis showed that CNGC proteins of 
flowering plant species formed four main classes (I, II, III, 
Iva, and IVb) (Saand et al., 2015a; Hao and Qiao, 2018). 
To identify the homology of the 434 CNGCs, a rooted 
phylogenetic tree of the CNGCs was constructed (Figure 
2). Although, the Brassicaceae CNGC families exhibited 
low similarity between orthologs, their clustering patterns 
into four main classes (class-I to class-IV) was similar to A. 
thaliana (L.) Heynh (Mäser et al., 2001b), tomato (Saand 
et al., 2015a), and maize (Hao and Qiao, 2018). Group-
IV, which made the largest clade with 127 members, was 
divided into two subclades, IV-a (43 members) and IV-b 
(84 members). Phylogenies of individual species with 
AtCNGCs resulted in similar clustering patterns, except 
for the AalCNGCs family that did not comprise Group-
II (Figure S1). This observation was further supported by 

a rooted tree, indicating that during evolution, Group-
II CNGCs emerged the earliest amongst entire CNGC 
groups (I, III, and IV) in crucifer plants (Figure S3) (Saand 
et al., 2015a). In addition, the gene size of different groups 
within an individual species and among the groups of 
different species of Brassicaceae were also distinguishable 
(Figure 1b). These results are in agreement with previous 
findings (Saand et al., 2015a; Hao and Qiao, 2018; Mao et 
al., 2021).

4. Conclusion
In conclusion, this work is the first comprehensive and 
systematic analysis of the CNGC gene families in sixteen 
selected Brassicaceae species. This work distinguishes 
and accomplishes the remaining gaps in the literature, 
and presents a vibrant representation of plant CNGCs in 
general, and Brassicaceae in particular. 

The outcomes of the current study will certainly 
provide a foundation, and drive the research forward to 
the next level, where the researchers can select and clone 
novel candidate CNGC genes to study signaling pathway 
mechanisms in detail and make newly improved cultivars 
through breeding. Additionally, this research will help to 
establish the roles of expressed candidate CNGC genes in 
Brassicaceae via gene silencing and cloning in the future. 
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Camelina sativa (false flax)
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Sisymbrium irio (London rocket)
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Sisymbrium irio (London rocket)
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Figure S1. Phylogenies of CNGC families from individual crucifer species with 20 AtCNGCs  

 
 
 
 
 
 

Arabis alpina  

 
  

  



17  

  

  

  

   

Aethionema arabicum  

  

 
  

  



18  

  

  

  

  
Arabidopsis lyrata  

 

  

  

  



19  

  

 

Brassica juncea  

  

 

  

   



20  

  

  
Brassica napus  

  

 

  
 

 



21  

  

Brassica nigra  

  

 
  

 

 

 



22  

  

Brassica oleracea  

  

  

 

  

  
 

 



23  

  

Capsella rubella  

  

 
  

  

  

  

  

  

  

  



24  

  

Camelina sativa  

  

  

 

  

  
 



25  

  

Eutrema salsugineum  

  

 

  

  

  



26  

  

Leavenworthia alabamica  

  

 
  

  

  

  

  



27  

  

Sisymbrium irio  

  

 

  

  

  

  



28  

  

Schrenkiella parvula  

  

  

 

  



29  

  

Thellungiella halophila  

 

  

  

  

  

  



30  

  

Thellungiella salsuginea  

  

 
  

  

  

  
  
 



31  

  

Figure S2.  Alignments showing conserved consensus motifs of PBC and hinge regions of 
CNBD domains from each Brassicaceae species  
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Figure S3. Maximum likelihood rooted showing phylogenetic relationship between 
Brassicaceae CNGCs using Amborella trichopoda as outgroup  
 
 
 
 
 

 


