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Abstract Camelina sativa is a hexaploid oilseed crop with remarkable agronomic resilience and industrial value;
however, the YABBY transcription factor gene family remains insufficiently characterized. In this study, we conducted
a comprehensive genome-wide identification and in silico characterization of the YABBY gene family in C. sativa,
providing insights into its evolutionary relationships, structural organization, and potential regulatory functions.
Seventeen YABBY genes (CsYABBYs) were identified through conserved-domain-based screening and systematically
characterized for physicochemical features, evolutionary relationships, exon—intron architecture, conserved motifs,
chromosomal locations, cis-regulatory elements, and evolutionary selection pressure. Comparative phylogenetic
analysis with Arabidopsis thaliana and Theobroma cacao separated the CsYABBY proteins into five clusters
(FIL/YAB3, YAB2, YAB5, CRC, and INO), indicating strong evolutionary conservation and functional similarity in
each subfamily. Gene structure analysis showed that exon—intron organization was highly conserved in every clade.
In contrast, MEME-based motif analysis identified ten conserved motifs, including the characteristic C2C2 zinc-finger
and YABBY domains. Promoter analysis uncovered abundant cis-regulatory elements associated with various
regulatory functions, suggesting extensive involvement of CsYABBY genes in integrating environmental signals. The
Ka/Ks analysis also supports purifying selection, as Ka/Ks values are below 1. Collectively, these findings establish
an integrated genomic framework for the YABBY transcription factor family in C. sativa and serve as a valuable
reference for YABBY gene function or for cloning individual YABBY genes.
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Introduction findings indicate that agriculture began in southeast
The oilseed crop Camelina sativa (L.), sometimes Europe during the Neolithic era. It was widely grown
known as gold-of-pleasure, fake flax, or linseed all over Europe during the Iron Age. In the Roman
dodder, belongs to the Camelineae tribe of the Empire, Camelina oil was primarily used as lamp fuel,
mustard family (Brassicaceae) (Berti et al., 2016; for cosmetics, and for medicinal purposes. In the
Vollmann et al., 2007; Zubr, 1997). Its oil is regarded Rhine valleys, Camelina grew in isolation as a
as a premium-quality edible oil(Orczewska-Dudek et monoculture around 600 BC. It was still grown until
al., 2020). Camelina propagates by seed and is 1940 in all of France, Belgium, and Russia, where its
predominantly self-pollinating (Francis and Warwick, oil was also employed for fuel. The proportion of this
2009; Manish Sainger et al., 2017; Sainger et al., crop has decreased significantly since 1950 and has
2017). Reports describe the discovery of a region of been replaced by more economically viable crops
high genetic diversity in Ukraine and Russia. The (Eynck and Falk, 2013; Larsson, 2013; Vollmann et
name "false flax" comes from the fact that Camelina, al., 2007). Camelina has garnered renewed interest as
which is native to Europe and Southwest Asia, was a viable crop in recent years, especially in the US,
unintentionally brought to America and Canada as Canada, and Europe. Because of their potential use in
flax (Ghamkhar et al., 2010). C. sativa was one of the bio-lubricants, oilseed crops like Camelina, hemp,
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flax, crambe, and castor bean—plants that produce
highly unsaturated oils—are receiving more attention
(Hergert et al., 2016; Matteo et al., 2020; Vollmann et
al., 2007).

Camelina is a “low-input and environment-friendly”
crop with higher oil content (36—47%)(Moser, 2012)
and has emerged as a popular oil crop worldwide
because of its low input and environmental
requirements. Up to 90% of C. sativa seed oil is made
up of unsaturated fatty acids (UFAS), including 40%
of the health-promoting ®-linolenic acids (w-3 fatty
acids)(Kiczorowska et al., 2019; Moser, 2012).
Feeding the ecologically sustainable food production,
feed, biofuels (including aviation fuel and biodiesel),
and several valuable industrial raw materials on a
large scale, commercially. In addition, it has
outstanding agronomic characteristics like a short
growing period, abiotic stress resilience, and
tolerance to primary pests and diseases when
compared with traditional oil crops, such as soybean
and oilseed rape(Bansal and Durrett, 2016). Because
of the seed's oil potential and the plant's remarkable
stress resilience, research has focused on the
regulatory processes governing oil biosynthesis and
stress sensitivity in C. sativa. Camelina needs less
water, nutrients, and pesticides to grow.(Kagale et al.,
2014; Manca et al., 2013) and is resilient against pests
(Séquin-Swartz et al., 2009). Although it has
potential, C. sativa has received relatively little
attention; breeding and the establishment of breeding
lines have been conducted with very few approved
cultivars, and few modern breeding lines have been
identified to date because of the limited genetic
variability recognized within small sets of discovered
genetic material (Berti et al., 2016). Genetic studies of
camelina suggest that it is a hexaploid (genome of 750
Mbp having 2n = 40 chromosomes) (Manish Sainger
etal., 2017; Sainger et al., 2017).

Previous work has illustrated that YABBYs are
crucial in various biological mechanisms (Bowman
2000; Zhao et al., 2020). Additionally, YABBYs can
regulate seed development (Finet et al., 2016; Lietal.,
2022). growth of leaves (Bowman, 2000; Bowman
and Smyth, 1999; Siegfried et al., 1999; Toriba et al.,
2007) and floral organs (Ha et al., 2010; Yamada et
al., 2011). YABBY proteins are members of the zinc
finger protein superfamily. They are identified by a C-
terminal helix-loop—helix motif (also known as the
YABBY domain) and a C2C2 zinc finger domain at
their N-terminus. While the remaining YABBY
proteins show minimal sequence conservation, the
C2C2 and YABBY domains are distinguished by two
highly conserved regions. (Bowman and Eshed,
2000; Bowman and Smyth, 1999; Golz et al., 2004;
Kanaya et al., 2002; Sieber et al., 2004). The
angiosperm YABBY family was divided into five
different subfamilies by phylogenetic analysis:
FILAMENTOUS FLOWER (FIL)/YABBY3
(YAB3), CRABS CLAW (CRC), YABBY2 (YAB2),
INNER NO OUTER (INO), and YABBY5 (YAB5)

(Bowman, 2000). While INO and CRC are expressed
in developing floral organs (ovules and carpels,
respectively), which are evolutionarily derived from
leaves, FIL, YAB2, YAB3, and YAB5 are
collectively referred to as "vegetative" and are all
preferentially expressed in leaves and leaf-derived
lateral organs (cotyledons, sepals, petals, stamens,
and carpels) (Bowman and Smyth, 1999; Eshed et al.,
2004; Sarojam et al., 2010; Sawa et al., 1999a; Sawa
et al., 1999b; Siegfried et al., 1999; Villanueva et al.,
1999). INO plays an essential part in the formation of
the integument (Villanueva et al., 1999), while CRC
was the first gene shown to play part in Nectary bud
formation in Arabidopsis flowers at the base of
stamen filaments (Bowman and Smyth, 1999; Lee et
al., 2005). Several plant species have been shown to
have different numbers of YABBY genes. The
absence of YABBY members in terrestrial plants,
bryophytes, and stone pine (Pinus pinea) suggests that
this gene family is exclusive to seed plants (Finet et
al., 2016). We carried out genome-wide isolation,
classification, and evolutionary analysis of YABBY
genes in C. sativa (including the model species A.
thaliana). A detailed analysis was then performed to
investigate their physicochemical characteristics,
conserved motifs, gene distribution and duplication
on their chromosomes, and their intron-exon
architecture. We then analysed the phylogenetic
relationships among YABBY genes in camelina,
Arabidopsis, and Theobroma cacao. Our study offers
useful information to gain insight to the function of
CsYABBY in biology, particularly in plant to resist
various stresses.

2. Materials and methods

2.1 Screening and Sequence ldentification

The Pfam database
(https://pfam.xfam.org/family/PF04690) was used to
obtain amino acid (AA) sequences containing the
YABBY domain. The YABBY domain PF04690 was
identified in these sequences (Mistry et al., 2021).
This domain was used to identify CsYAB genes and
to search for genes in the Camelina genome using the
BLAST tool. The BLAST tool is a protein local
alignment search tool available through the
Phytozome database (https://phytozome-
next.jgi.doe.qov). The NCBI CDD (Conserved
Domain Database)
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.c

gi) and Motif Finder database were used to analyse
and confirm the amino acid sequences of the YABBY
domain using default settings(Sami et al., 2024).
Proteins without a true YABBY domain (PF04690) in
their sequences were removed. The genome, CDS,
peptide, and promoter data were also searched and
downloaded from Phytozome.

2.2 Physicochemical Characterization of YABBY

Proteins

ProtParam (https://web.expasy.org/protparam/) and
Phytozome were used to retrieve data on 12
HaYABBY proteins. Phytozome was used to
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determine chromosome number and location, strand
orientation (sense or antisense), mRNA length (CDS),
and peptide length. ProtParam provided details such
as isoelectric point (pl) and molecular weight. The
WoLF PSORT database (https://wolfpsort.hgc.jp/)
was used to obtain the localization of the YABBY
gene(Akram et al., 2023), and then TBtool was used
for the visualization of data in the form of a heatmap
(Amijad et al., 2024).

2.3 Construction of Comparative Phylogenetic
Tree

To investigate evolutionary relationships,
phylogenetic analysis was done with MEGA
(Molecular Evolutionary Genetics Analysis) software
(Wen et al., 2016). The amino acid sequences of
YABBY proteins were aligned with the ClustalwW
alignment algorithm  from Camelina sativa,
Arabidopsis thaliana, and Theobroma cacao. A
phylogenetic tree was generated employing the
Neighbour-Joining (NJ) algorithm with 1000
bootstrap replications to assess the evolutionary
divergence within the YABBY gene family. For
enhanced graphical interpretation, the phylogenetic
tree was displayed and annotated with Interactive
Tree of Life (iTOL)
(https://itol.embl.de/upload.cgi)(Rehman et al., 2022)
2.4 Analysis of Gene Structure

We obtained DNA and coding sequences (CDS) for
every identified CsYABBY protein from Phytozome.
This was done to examine how introns and exons are
arranged in CsYABBY. Gene Structure Display
Server (GSDS) software(http://gsds.gao-lab.org/) was
employed to analyze all of the identified YABBY
gene structures(Hu et al., 2015).

2.5 Motif Analysis

The MEME Suite (version 4.11.3) (http://meme-
suite.org/tools/meme) was employed to anticipate the
conserved motifs among 12YABBY protein(Bailey
et al., 2009)

2.6 Cis-Regulatory Analysis

The 1000 bp upstream promoter sequences of all
CsYABBY genes were retrieved from the Camelina
sativa genome, and the PlantCARE
database(http://bioinformatics.psb.ugent.be/webtoo
Is/plantcare/html/) was employed to isolate cis-
regulatory elements related to hormone, stress, light,
and developmental responses(Buttar et al., 2020).

2.7 Analysis of Selection Pressure

Selection pressure on protein-coding genes is
determined by comparing synonymous and non-
synonymous mutations. Ka/Ks is calculated using
Thtools (https://bio.tools/tbtools)(Chen et al., 2020).
Default parameters were used. Typically, a Ka/Ks
ratio < 1 is indicative of purifying selection. Ka/Ks =
1 (neutral selection), Ka/Ks > 1 (positive selection).
3. RESULTS

3.1ldentification and Physicochemical
Characterization of Camelina YABBY Gene
Family Members

Seventeen CsYABBY domains were found in
Camelina. The length of the protein encoded by
CsYAB genes ranges from86AA(CsYABG6) to
236AA(CsYABL17), and the molecular weight ranges
from 18394(CsYAB14) to 9444.28D(CsYAB6). The
pl value of proteins varies from 5.77(CsYAB2) to
9.69(HaYABL).

Table 1. Physicochemical characterization of 17 non-redundant YABBY proteins in camelina

Gene ID/Accession YABBY gene Scaffold| Locations Direction mRNA(CDS)length|  ProteinAA MW PI
No Name Start End (D)
>Csal7g011910] Csal7g011910.1 CsYABBYL Chr17 3423660 3425469 Forward 525 176 19616.24 9.69
>Csal7g030590] Csal7g030590.1 CsYABBY2 Chr17 11457020 11457020 Forward 699 232 25970.28 571
>(sa029001230| Csa02g001230.1 CsYABBY3 Chr02 138074 141002 Reverse 612 203 22369.52 9.46
>(Csa16g050800] Csal16g050800.1 CsYABBYA Chr16 26033324 26036667 Reverse 495 164 18452.1 9.57
>(Csa16g030480] Csa16g030480.1 CsYABBY5 Chrl7 16142240 16143947 Reverse 543 180 19570.26 954
>Csa07g060160] Csa07g060160.1 CsYABBY6 Chr07 30429662 30433248 Reverse 495 86 9444.28 9.56
>Csa04g063090] Csa04g063090.1 CsYABBY7 Chro4 28568636 28571180 Reverse 903 300 34104.04 897
>Csal3g057240| Csal3g057240.1 CsYABBY8 Chr13 23939073 23942932 Forward 708 235 25672.16 8.66
>(Csa03g027340] Csa03g027340.1 CsYABBY9 Chr03 10834342 10836287 Forward 699 232 25815.19 599
>(Csa039011910] Csa039011910.1 CsYABBY10 Chr03 3545405 3550025 Forward 567 188 21055.94 9.37
>(Csa14g030690] Csal4g030690.1 CsYABBY11 Chr14 11740180 11740180 Forward 699 232 25944.25 5.86
>Csa14g009930] Csal14g009930.1 CsYABBY12 Chr14 3614205 3619264 Forward 567 188 21043.93 9.37
>Csa059004070| Csa05g004070.1 CsYABBY13 Chr05 1475650 1478640 Forward 918 305 34816.85 8.96
>(Csa050044630] Csa050044630.1 CsYABBY14 Chr05 16972761 16976732 Forward 495 164 18394.01 9.6
>(Csa050085860] Csa05085860.1 CsYABBY15 Chr05 30871641 30871641 Reverse 540 179 19497.21 954
>Csa06g051580] Csa06g051580.1 CsYABBY16 Chr06 24884440 24886998 Reverse 684 227 25524.14 6.78
>Csa084001240] Csa083001240.1 CsYABBYL7 Chr03 120569 123456 Reverse 711 236 25849.37 8.65

3.2 Subcellular Localization

To investigate the features of CsYABBY proteins, we
carried out subcellular localization analysis. Using the
WoLF PSORT web server, subcellular localization of

proteins was predicted based on the analysis of several
sequence features such as sorting signals, amino acid
composition, and localization-related motifs (e.g.,
nuclear localization signals or transit peptides).



https://wolfpsort.hgc.jp/
http://gsds.gao-lab.org/
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
http://bioinformatics.psb.ugent.be/webtoo%20ls/plantcare/html/
http://bioinformatics.psb.ugent.be/webtoo%20ls/plantcare/html/
http://bioinformatics.psb.ugent.be/webtoo%20ls/plantcare/html/
http://bioinformatics.psb.ugent.be/webtoo%20ls/plantcare/html/
http://bioinformatics.psb.ugent.be/webtoo%20ls/plantcare/html/
http://bioinformatics.psb.ugent.be/webtoo%20ls/plantcare/html/
https://bio.tools/tbtools
https://bio.tools/tbtools
https://bio.tools/tbtools

J. Life Soc. Sci, 2026; Volume, 5: 74 Tahir et al., (2026)

00 0.00 0,00 DOO0 000 0,00 DO BDOO 0.00 Cs ANy -14.00
12 00
1000
-82.00
- 0.00
400
- 200
[SNSTR)

.
Haaa
I G
‘ [&'m 1.00 000 060 GO0 000 000 000 000 000 CsyYABREY2
‘ 3

00 000 000 000 000 000 D00 000 000 CaSYABEEBY11

.1:‘1-65 1.00 .00 o oo 0.0oo0 0.0 0.00 0o.o0o0 o.oo 0.00 CuvAIDDOYS

MO 00 DOO 000 OO0 000 000 200 100 100 000 CsYARBTYR

l i'i?*f,—:in"& 000 000 000 000 000 1.00 1.00 100 000 CavAaBEY 1A
.ZQD-; “ 00 1.00 o oo 0 oo ooo 0o oo 0 oo o oo 0.00 Cu™"AIDGY 2

I GO0 BO0 000 000 100 GO0 2.00 DO0 000 000 CsYABSEY3

J.00 200 1,00 JIO00 260 20 200 1.00 000 000 CavYABSEBSYAa

l I 32.00 2.m0 1.00 000 100 00O 3OO0 1.00 23.00 23,00 CsZADRDDY 10

400 J00 700 000 100 000 JIO0 100 JO00 000 CsYABRBY2

LW,
o.oa |

'*“"M 1.00 0.00 000 000 000 000 0.00 0.00 CavAaEEBsYs
! I ) oo o000 000 D.oa o.ooo 0.00 CCwvADmyn

000 OO0 000 D00 000 000 CsYaBBEY17

I o oo &4' 000 000 000 D00 1.00 000 CavAEEY1S
1.00 ;!'gi't_‘ 0.0o0 o.oo 0.oo o.oo o.0o0 0o.oo 1.00 0.00 CuvARDDOY 16
400 1000 000 000 000 000 000 000 D00 000 CscABBYT7

K —~3 e =} = bt ) [ LRl - =
=3 = 2 ] 3 2
= = >

sl

Figure 1 Subcellular localization anticipation of CSYABBY proteins in Camelina sativa, putative distribution
across different cellular compartments and phylogenetic relationships among different proteins.

3.2 Phylogenetic Analysis subgroups, namely INO, CRC, YAB5, YAB3 and
The maximum likelihood phylogenetic tree YAB2. YAB3 is the largest subgroup among them
construction showed the phylogenetic relationships of with 10 genes, followed by YABS5 with 6 genes, and
YABBY proteins from Arabidopsis, Theobroma INO and YAB2 with 5 genes, and CRC is the fourth
cacao and Camelina. The phylogenetic tree illustrated largest with 4 genes.
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Figure 1. Phylogenetic and evolutionary linkage amongYABBY gene of Camelina, Arabidopsis and Theobroma
cacao. Blue arrow show proteins which are CsYABBY proteins
3.3 Structure of CsYABBY genes one gene (CsYAB 2a) contains 5 exons and 4
Prediction of gene structure revealed that 10 out of introns, and six genes contain 6 exons and 5 introns.
17 CsYAB genes have seven exons and six introns,
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3.4 Conserved Motif Analysis

Ten conserved motifs were found in CSYABBY
proteins, and each one had 3-7 motifs. Motifs 1 and 2
were found in almost all members and represent the
conserved YABBY domain and zinc finger-like
domain, respectively; both are mainly located towards
the C-terminal region. The motif numbers were
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observed to vary between the groups, with the
CsYABS3 group having relatively higher numbers of
motifs. In addition, selected proteins contained HMG-
box-like motifs showing small differences in structure
among the family members, with the conserved
domains being identical.
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Figure 3. Distribution of conserved motifs, phylogenetic relationships and domains architecture among
CsYABBY family members in Camelina sativa.

3.5 Cis-Regulatory Elements in CsYABBY
Promoters

Promoter analysis of CsYABBY genes identified a
wide range of cis-acting regulatory elements which
play a role in light responsiveness, hormone

signalling, stress sensitivity, and plant growth and
development. Light-responsive motifs, including Box
4, G-box, GT1-motif, AT1-motif, ATC-motif, TCT-
motif, AE-box, and ACE, were identified, indicating
an important role of some CsYABBY genes in light-

,
kb
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mediated regulation. Some hormone-responsive
elements include ABRE, CGTCA-motif, TGACG-
motif, TGA-element, and GARE/P-box, indicating
key involvement in abscisic acid, methyl jasmonate,
auxin, and gibberellin signalling pathways. Stress-

‘‘‘‘‘‘‘

LA g o2 T
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MYBAe &

MWt-brdng ste

related motifs (MBS, LTR, and TC-rich repeats) were
detected, indicating possible roles in abiotic stress
tolerance. TATA-box and CAAT-box were heavily
distributed among all CsYABBY genes.

Figure 4 Heat map showing the distribution of different Cs elements among the promoter regions of different
CsYABBY proteins

3.6 Assessment of Ka/Ks ratio

All CsYAB gene pairs have Ka/Ks ratios below 1.
Most pairs have very low ratios (close to 0-0.1).
CsYAB2a-CsYAB2b and CsYAB3a-CsYAB3f
show moderately higher ratios. CsY AB5a—CsY AB5b
has the highest Ka/Ks ratio (0.91). Overall results
show that the gene family is highly evolutionarily
conserved.
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Figure 5 Ka and Ks values of CsYABBY proteins
4. Discussion

Plants are continuously exposed to environmental
extremes throughout their life cycle, which can
negatively affect development and productivity.
Transcription factors (TFs) are key regulators of gene
expression and regulatory networks. Isolating and
functionally characterizing transcription factors

provides essential insight into the molecular functions
underlying plant growth and development in response
to environmental changes. YABBY genes are
associated with seed plants and play an essential part
in plant life (Romanova et al., 2021; Zhang et al.,
2020). They have been widely studied in A. thaliana,
tomato, and rice (Bartholmes et al., 2012; Huang et
al., 2013; Siegfried et al., 1999; Toriba et al., 2007).
Camelina sativa is a major oilseed crop, known for its
excellent nutritional profile and unique aroma.
YABBY proteins are reported to play a critical role in
establishing adaxial-abaxial polarity and developing
side organs in a diverse range of species (Bowman,
2000; Siegfried et al., 1999; Tanaka et al., 2017;
Yamaguchi et al., 2004; Yang, 2008). These findings
offer very useful insights for future research and
breeding programs to improve resistance and yield of
C. sativa under changing climatic conditions (Aristya
et al., 2024; Berhow et al., 2014). Therefore, studying
YABBY function in C. sativa is highly significant, as
it increases our understanding of plant adaptation to
stress and development.

To this end, we conducted an in-depth survey of the
C. sativa genome for YABBY proteins and identified
17 CsYABBY genes in the allohexaploid C. sativa.
Physicochemical characterization of CsYABBY
proteins indicated their distinct nature. Furthermore,
we investigated the subcellular localization of
CsYABBY genes using the online web server WolLF
PSORT. According to it, chloroplasts and the nucleus
are the major localization sites for YABBY genes.
CsYABBY1, CsYABBY?2, CsYABBYS,
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CsYABBY9, CsYABBY11, and CsYABBY14 are
predicted to localize to the chloroplast, suggesting a
potential association with chloroplast-associated
cellular processes, whereas CsYABBYS5,
CsYABBYS8, and CsYABBY17 show strong nuclear
localization scores, suggesting a role in gene
regulation. Other proteins displayed lower prediction
scores for mitochondria, endoplasmic
reticulum/plasma membrane, cytoplasm, vacuole,
extracellular space, and other cellular compartments
(Horton et al., 2007).

C. sativa developed through the hybridization of three
ancestral genomes, leading to the extensive
persistence of duplicated loci(Kagale et al., 2014). A
phylogenetic analysis of YABBY proteins from
Arabidopsis thaliana, Theobroma cacao, and
Camelina sativa provides insight into these crops'
evolutionary history. Inthe YABBY family, we found
five YABBY subfamilies in cotton (YABBYSs
FIL/'YAB3, YAB2, CRC, INO, and YABS5), but we
identified no new YABBY subfamily in C. sativa.
This classification of YABBY genes has been
reported in angiosperms (Siegfried, Eshed et al. 1999;
Bowman 2000). These five clades contain 6 YABBY
genes from Arabidopsis and Theobroma. The
FIL/YABS3 clade expanded more; it consists of six
CsYAB genes, 2AtYAB, and one TcYAB gene.
Lateral outgrowth of organs and lamina expansion in
Arabidopsis are associated with this clade (Bowman
2000; Siegfried et al., 1999). Six YABBY genes of
Arabidopsis and Theobroma are distributed among
these five clades. The FIL/YAB3 clade expanded
more; it includes six CsYAB genes, 2AtYAB genes,
and one TcYAB gene. This clade is associated with
lateral organ outgrowth and lamina expansion in
Arabidopsis (Sarojam et al., 2010; Siegfried et al.,
1999). The YAB5 clade, the second-largest group,
contains three CsYAB, two TcYAB, and one AtYAB
gene. YAB2 and INO both contained 5 genes: three
from C. sativa, one from A. Thaliana, and one from T.
Cacao. CRC is the smallest, containing two C. sativa,
one A. Thaliana, and one T. cacao. CRC and INO
proteins are involved in carpel formation, ovule
integument differentiation, and nectary development
(Bowman and Smyth, 1999; Villanueva et al., 1999).
Gene structure and conserved motif analysis provided
valuable insight into the conservation and
diversification of YABBY genes in C. sativa.
CsYABBYs in the same clade of the phylogenetic tree
had similar structures and motif compositions.
However, members of different subfamilies differed
substantially. ~ Structural  conservation  within
subfamilies reflected shared evolutionary
relationships and functional similarity among
duplicated genes (Yang et al., 2018).

Analysis of gene structure suggested variation in
intron-exon structure among CsYABBY genes,
revealing differences in their genomic architecture.
(Jing et al., 2022). Members of the same clade showed
a similar number of exons and introns. In contrast,

clades differed in exon and intron numbers (e.g.,
Arabidopsis, rice, and soybean), suggesting
conservation of characteristic sequences among
them.(Gu et al., 2013; Sami et al., 2023). Members of
the CRC, YAB2, and YAB5 subfamilies showed a
comparatively compact intron-exon  structure.
Proteins in the CRC and FIL/YAB3 clades contained
seven exons and six introns, although intron length
and exon arrangement varied among individual genes;
CsYAB3a had six exons and five introns. Similarly,
CsYAB2 and CsYAB5 clade members had six exons
and five introns, except YAB2a, which had five exons
and four introns. One missing intron and one missing
exon can result from intron loss during evolution,
mutation, or transposable element activity. CsYAB2
and CsYABS5 showed high structural conservation.
Gene structure, together with  phylogenetic
relationships, showed clear evolutionary relationships
among various YABBY gene families (Bondarenko
and Gelfand, 2016; Haider et al., 2023).

Motif analysis identified highly conserved motifs
present consistently among all CsYABBYs,
indicating their strong functional importance across
the family. Other motifs were confined to specific
CsYABBY proteins, highlighting potential functional
divergence within the gene family (Han et al., 2021).
Motif2 is predominantly located in the N-terminal
C2C2 zinc finger, which is associated with
maintaining the characteristic zinc-coordinating
structure of YABBY proteins. Motif 1,3,4 was
consistently detected toward the C-terminal region
corresponding to the YABBY domain. The predicted
domain analysis further identified that the C-terminal
YABBY domain possesses structural similarity to the
HMG-box (HIGH MOBILITY GROUP) and is
involved in DNA-binding(Meister et al., 2004; Santi
et al., 2003; Wanke et al., 2011) and transcriptional
regulatory functions. The sequence-level
investigations revealed similarities among the
proteins, leading to functional and structural
interactions. Evolutionarily conserved domains can
be reconfigured and organized while maintaining
consistent functionality.

The cis-regulatory elements identified in CSYABBY
promoters reveal insights into the regulation of their
spatiotemporal expression. (Zhang et al., 2022) Cis-
regulatory elements (CREs) are important in gene
function prediction and control several pathways in
the promoter region (Cahoon and Li-Beisson, 2020;
Reich, 2017). These elements play a significant role
in transcriptional regulation, controlling various
functions during the life cycle (Wang et al., 2024;
Zheng et al., 2023). CREs linked to light sensitivity
were detected in almost all promoter regions from
CsYABBY1 to CsYABBY17. Light-responsive
elements can regulate genes involved in
photosynthetic ~ activity, photomorphogenesis,
chloroplast development, and light signaling. ABRE
and ABRE3a elements are associated with abscisic
acid-mediated signaling, particularly during drought




J. Life Soc. Sci, 2026; Volume, 5: 74

Tahir et al., (2026)

(Simpson et al., 2003), salinity, seed maturation,
dormancy, and gene expression regulation (Lee and
Luan, 2012; Lee SungChul and Luan Sheng, 2012).
ABREs especially control transcription in response to
abscisic acid (Osakabe et al., 2014). AREs are
anaerobic-inducible elements that mediate gene
activation during waterlogging, flooding, or other
hypoxic conditions and may be linked to metabolic
adaptation under low oxygen. Meristem-specific
proteins are present in plant meristematic tissues and
are associated with organ development and cell
differentiation. ABA- and (MeJA)-responsive
elements regulate defense responses and other
environmental stresses (Liu et al., 2022; Zhao et al.,
2020). MeJA-responsive elements are extensively
involved in fruit formation (Li et al., 2022). ERE
influences fruit ripening, root development, and
stress. The GCN4_motif is highly important for seed
development and nutrient allocation. LTR and MBS
cis-regulatory elements function cooperatively as
upstream environmental sensors that co-regulate the
plant's transcriptional defense network against harsh
abiotic stresses (Rahman et al., 2024). MYB is one of
the stress-responsive elements and plays a pivotal role
in abiotic stress adaptation (Wai et al., 2022). MYB
transcription factors play a pivotal part in abiotic
stress adaptation (Wai et al., 2022). The MYB-like
sequence is linked to gene expression at certain plant
developmental stages and is related to cell-cycle
progression, cell proliferation, and gibberellin levels.
A few cis-regulatory elements were found to
participate in endosperm expression. They control the
expression of genes necessary for endosperm
development and seed storage protein production and
act as binding sites for transcription factors
specifically active in the endosperm. This indicates
that there is some involvement of YABBY gene in
seed endosperm development. These components
have been identified in camelina (CsYAB2a,
CsYAB2b, and CsYAB2c). Further, other elements
are circadian-, secondary metabolism-, and flavonoid-
associated, suggesting the possibility of integration of
temporal and specialized metabolic pathways. By
analyzing the regulatory elements associated with the
genes in silico, it is possible to anticipate the roles of
the genes (Gudi et al., 2023).

Purifying selection and Ka/Ks analyses suggest that
YABBY genes have evolved without losing some of
their functions. Ka is the rate of nonsynonymous
nucleotide substitutions per site, and Ks is the rate of
synonymous nucleotide substitutions per site. The
ratio of nonsynonymous to synonymous substitution
rates (Ka/Ks) estimates selective pressure on a gene.
Purifying selection of a gene pair means natural
selection purges harmful mutations. Positive selection
may help to maintain and diversify duplicated gene
pairs. A Ka/Ks value less than one indicates purifying
selection; a Ka/Ks value of one indicates neutral
selection, and a Ka/Ks value greater than one signifies
positive selection. Environmental and biological

clock selection pressures contribute to genomic
rearrangements and the emergence of novel traits
(Morgan et al., 2010). Then, ratios of Ka to Ks in
camelina  YABBY genes were determined. All
examined gene pairs showed ratios below 1, ranging
from 0.00 to 0.91. The lowest ratios were observed for
CsYAB3d_CsYAB3e (0.00) and CsCRCa_CsCRCh
(0.12), indicating strong evolutionary conservation.
CsYABS5a CsYABS5b showed the highest K./K; ratio
(0.92), indicating comparatively relaxed selective
constraint. CsYAB3a_CsYABS3f has a Ka/Ks ratio of
0.23, CsINOa_CsINOc has 0.03, and
CsYAB2a_CsYAB2b has 0.34, these gene pairs
support the predominance of negative selection and
functional conservation.
Conclusion
This study provides a comprehensive overview of the
YABBY gene family in C. sativa, including gene
structures, phylogenetic relationships, purifying
selection, evolutionary relationships, expression
patterns, and other features. This study thoroughly
characterised CSYABBY genes in the Camelina
genome. The 11 CSYABBY proteins were divided
into five groups, and then the structural and functional
features of each CSYABBY protein were presented.
Most of the genes were closely related to leaf and
organ polarity. A full analysis of camelina YABBY
proteins is a crucial first step to test the structural,
functional, and evolutionary properties of YABBY
genes in Camelina and, by comparison, in other crops.
Functional interactions among YABBY proteins
highlight their importance in transcriptional
regulation. Similar numbers of YABBY genes, such
as 33 in tomatoes, 34 in peppers, and 35 in potatoes,
and comparatively larger numbers in other plants,
such as 78 in soybeans and 51 in carrots, indicated
significant genomic, structural, and functional
diversification in YABBY genes.
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