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Oryza sativa L. is the world’s most essential and economically important food crop. Climate change and

Rice ecological imbalances make rice plants vulnerable to abiotic and biotic stresses, threatening global food security.
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The Alfin-like (AL) transcription factor family plays a crucial role in plant development and stress responses. This
study comprehensively analyzed this gene family and their expression profiles in rice, revealing nine AL genes,
classifying them into three distinct groups based on phylogenetic analysis and identifying four segmental
duplication events. RNA-seq data analysis revealed high expression levels of OsALs in different tissues, growth
stages, and their responsiveness to stresses. RT-qPCR data showed significant expression of OsALs in different
abiotic stresses. Identification of potential cis-regulatory elements in promoter regions has also unveiled their

involvement. Tertiary structures of the proteins were predicted. These findings would lay the groundwork for
future research to reveal their molecular mechanism in stress tolerance and plant development.

1. Introduction

During their lifespan, plants encounter a range of challenging and
ever-changing environmental circumstances, including drought, low
temperatures, high salinity, and heat, along with being susceptible to
various pathogens due to their sessile nature. The existence of various
abiotic and biotic stresses represents an obstacle to the growth, matu-
ration, and overall yield of plants [1]. To endure and enhance their
tolerance to various stresses, plants have evolved intricate adaptation
strategies at molecular, cellular, physiological, and biochemical levels
[2-4]. One notable aspect of the plant stress response is the activation of
a complex interwoven network of events involving interactions between
genes, signaling molecules, and cross-talk within multiple molecular
pathways [3,5-8]. Specific stresses trigger the expression of various
stress-responsive genes [9], and stress-signaling pathways play a crucial
role in helping plants adapt to environmental challenges by connecting
the sensing mechanism with the genetic response [10-15]. Furthermore,
the regulation of plant defense mechanisms is significantly influenced by
different gene families that function as transcription factors (TFs). These

transcription factors are responsible for functionally regulating plants in
terms of metabolism and physiology, enabling them to respond effec-
tively to abiotic stresses and defend against invading pathogens
[16-18]. Acting as molecular switches that control gene expression, they
can govern critical downstream responses by regulating the expression
of target genes that respond to stress [19,20]. Alongside other devel-
opmental and genetic responses [21,22], the function of these TFs stands
out as a prominent and dynamic mechanism that aids higher terrestrial
plants in adjusting to their surroundings [23]. To date, researchers have
identified a variety of transcription factors in plants and categorized
them into different families according to the conserved domains they
possess [24]. Amongst them, the Alfin-like TF family holds significant
importance in the realm of plants as it participates in a range of
important biological processes such as root development and elonga-
tion, formation of meristem, and response to salt stress [25,26]. As a 7S
storage protein, the Alfin-like gene was first identified in Medicago sativa
(alfalfa) plant [27,28]. The AL TF family members share the distinctive
feature of having two highly conserved regions: the DUF3594/Alfin
domain at the N termini and the PHD-finger motif at the C termini. With
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about 140 conserved amino acids, the Alfin domain is still poorly un-
derstood and has not been identified in prokaryotes, fungi, and animals
[27]. Conversely, the C terminal PHD-finger motif, which consists of
about 50 conserved amino acids, is present in both the animal and plant
kingdoms and plays a pivotal role in governing epigenetic and tran-
scriptional regulation mediated by chromatin [29]. The presence of the
PHD-finger motif in the AL proteins indicates that this TF family likely
serves fundamental biological roles in plants. Apart from Alfinl protein
in alfalfa, it is currently unknown how these TFs participate in biological
processes. Alfin1’s cDNA was first isolated from salt-tolerant alfalfa cells
[30], and subsequent research revealed that the Alfinl protein interacts
with specific DNA sequences [31]. In alfalfa, Alfin1 plays a role in
regulating the expression of the salt-inducible MsPRP2 gene, and
transgenic alfalfa plants that have been genetically modified to over-
express Alfinl demonstrate enhanced salt tolerance, indicating Alfin1’s
role as a transcriptional regulator in plants. [32]. Furthermore, these
transgenic plants exhibit a notable enhancement in root growth,
regardless of whether they are exposed to typical or saline conditions,
which suggests that Alfinl plays a role in root growth [25].

Numerous studies have elucidated the function of the AL gene family
in plants. In the model plant Arabidopsis thaliana, there are seven AL
genes. Specifically, when AtAL7 is either overexpressed or subjected to
T-DNA insertion mutants, it has been observed to have a detrimental
impact on salt tolerance during the early stages of seedling development
[33]. Additionally, it has been discovered that AtAL6 plays a crucial role
in regulating the elongation of root hairs in Arabidopsis, particularly
under conditions of phosphate deficiency [26]. In Brassica rapa, the
fifteen identified BrAL genes have exhibited positive responses when
subjected to cold, salt, and drought stresses and, notably, following
infection with the fungus Fusarium oxysporum f.sp. conglutinans, ten
members of the BrAL gene family (e.g., BrAL1-4, 7, 9-10, 13-15) have
shown significantly elevated levels of expression in response, indicating
their involvement in the plant’s response to both abiotic stresses and
fungal infection [34]. Furthermore, twelve AL genes were found within
the Brassica oleracea genome, with BoAL8 and BoAL12 displaying
notable responsiveness when exposed to various abiotic and biotic
stresses. Additionally, the AL genes in B. oleracea exhibited significant
expression levels following inoculation with Pectobacterium carotovorum
subsp. Carotovorum, highlighting their crucial roles in the plant’s de-
fense mechanisms [35]. Similarly, in Zea mays, a comprehensive study
has unveiled the presence of eighteen AL genes [36]. These ZmAL genes
exhibit notable expressions in response to various environmental chal-
lenges, including salinity, drought, and cold stress, further underscoring
their significance in maize’s adaptive response. In addition, the
expression of AhAL, sourced from the stress-tolerant species Atriplex
hortensis, has been investigated in transgenic Arabidopsis plants. The
results indicate that AhAL enhances the plant’s tolerance to salt and
drought conditions, demonstrating its potential as a valuable genetic
resource for improving crop stress resilience [37].

Rice, scientifically known as Oryza sativa L., holds a paramount po-
sition in global trade as one of the most secured food crops, serving as a
vital dietary staple for over 50 % of the world’s populace [38]. As the
global population continues to grow, ensuring food security necessitates
increased rice production with a dual focus on cost-efficiency and high
yields. However, the advancement of rice production faces impediments
stemming from an array of stress factors. The complete genome
sequence of rice was published long ago [39] has paved the way for a
profound understanding of individual gene families’ functionalities and
further their utilization to improve the stress tolerance and productivity
of rice. The Alfin-like transcription family has drawn significant atten-
tion in the realm of plant research, with studies conducted in Alfalfa,
Arabidopsis, and crop plants such as B. rapa, B. oleracea, and Zea mays.
Diverse functions and profound significance attributed to this TF family
in crop plants have spurred our interest in an in-depth research
endeavour.

This work extensively explores the OsAL transcription factor family
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in rice. Within the scope of the study- chromosomal mapping, duplica-
tion events, gene structure, conserved motifs, phylogenetic relationship,
cis-regulatory elements, and miRNAs targeting the OsAL TF genes were
investigated. The tertiary structure of the OsAL proteins was also pre-
dicted in this study. In addition, to gain insights into their functions,
RNA-Seq and RT-qPCR data were used to analyze their expression pro-
files across different tissues, developmental stages, and under biotic and
abiotic stresses. Furthermore, microarray data was used in this work to
investigate their expression patterns in response to different hormonal
treatments. This study enables the understanding of the functional roles
associated with OsAL genes in rice across various physiological and
environmental contexts.

2. Materials and methods

2.1. Screening of Alfin-like gene family in the rice genome and their
characterization

The rice AL proteins were found by conducting a BLASTP search
against the Oryza sativa v7.0 genome dataset in the Phytozome v13
database (https://phytozome-next.jgi.doe.gov/info/Osativa_v7_0) [40].
The A. thaliana AL protein sequences were used as queries. We obtained
the protein sequences of seven AtAL genes (At5g05610, At3g11200,
At3g42790, At5g26210, At5g20510, At2g02470, At1g14510) [16] from
the TAIR database (https://www.arabidopsis.org/browse/genefami
ly/Alfinlike.jsp) [41]. To ensure thorough identification, these AtAL
protein sequences were also employed in separate BLASTP searches
within the Rice Genome Annotation Project (RGAP) database [39] and
the Protein database of NCBI (https://www.ncbi.nlm.nih.gov/protein).
All candidate members retrieved from these databases underwent
further analysis in the Pfam (http://pfam.xfam.org/) [42] and NCBI
conserved domain database (https://www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi) [43] to validate the presence of the characteristic
conserved regions associated with AL proteins. Any sequence without
the Alfin/DUF3594 domain and the PHD zinc-finger motif were elimi-
nated. The proteins were designated as ‘OsAL’ with the ‘Os’ prefix
denoting Oryza sativa. They were numbered sequentially based on their
chromosomal positions (from top to bottom), following a previously
described naming convention [34,36]. Information about the identified
genes’ locus IDs, strand positions, coding sequence (CDS) coordinates (5’
to 3", gene lengths and CDS lengths were collected from Phytozome v13
(https://phytozome-next.jgi.doe.gov/) database [40]. Physicochemical
properties like molecular weight and theoretical isoelectric point of the
proteins were calculated using the ExXPASy ProtParam (https://web.exp
asy.org/protparam/) [44] tool. Furthermore, to predict their subcellular
localization, CELLO v.2.5 (http://cello.life.nctu.edu.tw/) [45] and
WoLF PSORT (https://www.genscript.com/wolf-psort.html) [46] web
tools were employed. In addition, the similarities in the protein se-
quences of OsALs were searched through a multiple sequence alignment
performed in the MEGA X [47] using the ClustalW alignment function
with default parameters. Then, the software GeneDoc version 2.7 [48]
was used to visualize the alignment result.

2.2. Phylogenetic analysis

Using the full-length amino acid sequence of OsALs, the Neighbor-
joining method with 1000 bootstrap replicates was used to construct a
phylogenetic tree in MEGA X [47]. To examine the evolutionary rela-
tionship of AL proteins of different plant species, the complete identified
AL protein sequences of Arabidopsis thaliana [33], Zea mays [36], Bras-
sica rapa [34], and Alfin-1 of alfalfa (Medicago sativa) were used. Amino
acid sequences of Zea mays, and Brassica rapa AL genes were down-
loaded from Phytozome, and the Alfin-1 gene of alfalfa was obtained
from the NCBI database (https://www.ncbi.nlm.nih.gov/) under the
accession: AAA20093.2. These sequences were used to create an
unrooted phylogenetic tree in MEGA X by employing the
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was used with default settings to predict the secondary structure of OsAL
proteins. The number and percentage of turns, coils, 310 helices,
extended beta sheets, and alpha helices were shown in different colors as
part of the structural analysis. The transmembrane motif examination
was performed in TMHMM v.2.0 web server (https://services.healthte
ch.dtu.dk/services/TMHMM-2.0/) [63] with default parameters.

The RoseTTAFold method was employed to create the OsAL proteins’
tertiary structure in the Robetta web tool (https://robetta.bakerlab.
org/) [64]. Subsequently, the generated structures underwent refine-
ment through the GalaxyRefine server (https://galaxy.seoklab.org/cgi
-bin/submit.cgi?type=REFINE) [65], and then Swiss-PdbViewer v4.1
(https://spdbv.unil.ch/) [66] was used to minimize energy. To ensure
their quality, the predicted structures were validated using PROCHECK
(https://saves.mbi.ucla.edu/) [67] and ERRAT (https://saves.mbi.ucla.
edu/) [68] servers. ProSA-web server (https://prosa.services.came.sbg.
ac.at/prosa.php) [69] was then employed to evaluate Z-scores and en-
ergy plots. Finally, the Biovia Discovery Studio program [70] was uti-
lized for visualizing the three-dimensional structures.

2.8. OsALs gene expression analysis in rice using RNA-seq and
microarray data

The Rice Genome Annotation Project database (http://rice.plantbiol
ogy.msu.edu/) [39] and Rice Expression Database (http://expression.
ic4r.org/) [71] were used to collect the RNA-seq expression data of
nine OsAL transcripts in different tissues during different periods. To
explore their expression at various developmental phases and also under
different biotic and abiotic stress conditions, GENEVESTIGATOR
(https://genevestigator.com/) [72] was utilized to obtain the rice
mRNA-seq data for these nine OsAL transcripts. Further, microarray
expression data were also obtained from GENEVESTIGATOR to examine
their expression in response to different hormones essential for plant
growth. Finally, all the retrieved expression data were subjected to
normalization and profiling in the GraphPad Prism 9.0.0 software (http
s://www.graphpad.com/company/) [73], allowing for a comprehensive
analysis of expression across various contexts, including tissues, devel-
opmental stages, stress conditions, and hormone treatments.

2.9. Plant material, stress treatments, and total RNA isolation

BRRI dhan28, an indica rice variety, was used in this experiment.
Bangladesh Rice Research Institute (BRRI) provided the seeds, and only
the mature and healthy seeds were selected for use as explants and
subsequent treatment. Following a thorough cleaning, the seeds were
placed onto wet tissue paper in a petri dish to initiate germination. The
germination of seedlings was followed by their transfer into a hydro-
ponic cultivation system after 3-4 days. The culture system was
controlled by 16 h of light and 8 h of darkness, at a temperature of 25 +
3 °C and having 1500-2000 lux light intensity. 20 days old seedlings
were treated with various stress conditions which include submergence
(the seedlings were entirely kept under distilled water), drought (3 mg/L
PEG), heat (42 °C), cold (4 °C), cadmium (100 mM Cd) and salinity (100
mM NacCl). The stress conditions were maintained for 18-20 h. As a
control, untreated seedlings were employed. Following the treatments,
whole seedlings were obtained and repeatedly rinsed in distilled water
and 70 % alcohol before the extraction of RNA. Total RNA was then
extracted using the Invitrogen™ TriZOL™ reagent (Thermo Fisher Sci-
entific Corporation, USA). Further, the genomic DNA contamination was
eliminated using DNase I from Thermo Fisher Scientific Corporation’s
(USA) Invitrogen™ DNA-free™ DNA Removal Kit. Subsequently, the
complementary DNA (cDNA) of the mRNA from the extracted total RNA
sample was synthesized by using the GoScript™ Reverse Transcription
System of Promega Corporation, USA. In each of these procedures, the
manufacturer’s protocol was followed strictly.
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2.10. RT-qPCR and expression profiling of OsALs in the context of
different abiotic stresses

We examined the expression of each of the nine OsAL genes in
response to several abiotic stress conditions using all of their transcripts
through RT-qPCR. The NCBI Primer-BLAST (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/) [74] and the OligoAnalyzer Tool (https://sg.
idtdna.com/pages/tools/oligoanalyzer) of Integrated DNA Technolo-
gies, Inc were used to design the primers (S7 table). The BioRad
CFX96™ Real-Time PCR Detection System was used to conduct the
real-time qPCR. In this study, the Promega Corporation, USA’s GoTaq®
qPCR Master Mix (2X) was used. eEF-1a, a eukaryotic elongation factor,
was employed as a reference gene [75]. We added 7.5 pL of GoTaq®
gPCR Master Mix (2X), 1 pL of gene-specific primer, 2 pL of diluted
c¢DNA sample (10 times diluted), and 3.5 pL of nuclease-free water to
each 15 pL reaction mixture. The following conditions were used to
carry out each reaction: first denaturation for 10 min at 95 °C, then 40
cycles of denaturation for 15 s at 95 °C, annealing for 30 s, and extension
for 40 s at 72 °C. For OsAL1.1, OsAL2, OsAL3, OsAL6, OsAL7.2 and
OsAL7.3, the annealing temperature was 60 °C; however, for OsAL1.2,
OsAL4, OsAL5, OsAL7.1, OsAL8, OsAL9.1, OsAL9.2 and eEF-1a, the
annealing temperature was 57 °C. Three separate experiments were
performed on each sample, and after PCR amplification, melting curve
analysis was conducted. To determine each gene’s relative expression
ratio, we employed the delta-delta Ct value approach [76]. To determine
the average expression value among the different treatments, technical
replication was utilized. Software used for data analysis included
Microsoft Office 2019 and GraphPad Prism 9.0.0 [73]. Following a
one-way ANOVA and the Bonferroni post hoc test, significant differences
(P < 0.05) were identified. The significant differences were indicated by
assigning varying star ratings.

3. Results

3.1. Screening Alfin-like (AL) genes in the rice genome and their
characterization

Nine Alfin-like TF genes were found in Oryza sativa. Upon performing
BLASTP searches using the seven AtAL’s protein sequences as a reference
against the Oryza sativa v7_JGI dataset on Phytozome [40], 28 hits were
found. Out of 28 transcripts examined, 13 were verified to possess both
the Alfin/ DUF3594 domain and the PHD-zinc finger domain through
sequence analysis performed on Pfam [42] and NCBI conserved domain
database [43]. These 13 transcripts belong to the nine AL genes in rice
which have alternative splice forms. Then, further BLASTP searches on
RGAP [39] and the NCBI protein database confirmed that no putative AL
protein was missed. The Phytozome annotated primary transcripts were
chosen as the representative transcripts for the genes in this current
study. The chromosomal positions of the genes led to their naming as
OsAL1-OsAL9. The positions of the conserved regions within the nine
OsAL proteins are detailed in the S1 table.

According to sequence analysis, the deduced proteins had lengths
ranging from 244 to 278 amino acids, and the lengths of the gene and
CDS varied from 2818 bp (OsAL4) to 7549 bp (OsAL9) and 735 bp
(OsAL7) to 837 bp (OsAL8), respectively. These proteins exhibited
varying sizes. With 278 amino acids in length and a molecular weight
(MW) of 30.41 kDa, OsAL8 encodes the largest protein in the family; in
contrast, OsAL7 is the smallest, with 244 amino acids in length and a
MW of 27.40 kDa. Moreover, the proteins’ predicted isoelectric points
(pD) varied from 5.32 (OsAL9) to 6.37 (OsAL7). The proteins exhibited an
average MW of about 27.86 kDa and a pl of about 5.73. Subcellular
localization prediction revealed that the majority of the OsAL proteins
would be located in the nucleus and then cytoplasm, mitochondria, and
extracellular space. All of the representative OsAL genes are listed in
Table 1, along with their physicochemical characteristics.

According to multiple sequence alignment, all OsAL genes have high
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sequence similarity and contain two highly conserved regions: an Alfin/
DUF3594 domain and a PHD-finger motif at their N- and C-termini,
respectively (Fig. 1). The PHD-finger motif, which spans approximately
50 amino acids, contains the conserved Zinc-coordinating residues,
namely Cys4-His-Cys3, and the Alfin domain has an approximate length
of 128 amino acids.

3.2. Phylogenetic analysis

A phylogenetic tree was built to examine the evolutionary connec-
tions among the AL genes from various species by using the alignment of
full-length amino acid sequences of AL proteins from Oryza sativa,
Arabidopsis thaliana [33], Zea mays [36], Brassica rapa [34] and Alfin1 of
the Alfalfa. This unrooted tree was constructed through the
Neighbor-joining method in MEGA X software. The mode and gap were
set to Poisson correlation and pairwise deletion, respectively and 1000
bootstrap replicates as verification parameters. The AtALs classification
[33] allowed for the division of the phylogenetic tree into four groups,
denoted respectively as groups I, II, Il and IV (Fig. 2). The 9 OsAL
proteins belonged to groups I, IT and IV. Group I have OsAL3, OsAL5, and
OsAL?7 proteins along with 6 ZmAL, 4 BrAL, and 2 AtAL proteins. OsAL8
belongs to Group IV. There was 1 AtAL, 1 ZmAL, and 3 BrAL proteins in
Group IV. OsAL1, OsAL2, OsAL4, OsAL6, OsAL9 belongs to Group II.
Group II has 11 ZmAL, 5 BrAL, Alfinl, and 2 AtAL proteins. There is no
OsAL protein in group III.

3.3. Gene structure and conserved motif analysis

The evolution of a gene family critically depends on intron-exon
structural divergence. Gene structure analysis revealed that every
member of the OsAL TF family shared a common pattern with four in-
trons and five exons (Fig. 3a). The distribution of exons and introns in
Arabidopsis [33]and Brassica rapa [34] AL TFs is in line with these
findings. In addition, most of the AL TF genes in Zea mays [36] also
contain four introns and five exons. This intron-exon structure indicated
a clear evolutionary relationship between them.

The web-based MEME tool [51] was utilized to examine the
conserved motifs of the OsAL proteins as a way to explore further the
motif distribution and diversity of AL genes in Oryza sativa. In this study,
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15 conserved motifs were discovered and labeled as motifs 1-15
(Fig. 3b). Because of the high similarity between OsAL peptide se-
quences, most motifs were common among the members. Among the 15
motifs, 1-7 appeared in all OsAL proteins. Motifs 1, 3, 4 comprise the
Alfin/DUF3594 domain, and motif 2 encodes the PHD- zinc finger motif.
All proteins had motif 7 and 6 at their N-terminus and C-terminus,
respectively. OsAL1, OsAL8, and OsALS5 all contain motif 14. OsAL2 and
OsAL3 shared motif 12. OsAL9 and OsAL5 both had motif 13. Motif 8
was in OsAL2 and OsAL4. Motif 10 was in OsAL3 and OsALS5, whereas
motif 11 was found in OsAL1 and OsAL9. Motif 9 appeared in OsAL3,
OsAL4, and motif 15 in OsAL8, OsAL7. The functional annotations of
these motifs have yet to be investigated.

3.4. Chromosomal mapping and gene duplication analysis

All the OsAL genes are randomly and unequally distributed across the
7 out of 12 chromosomes of rice (Fig. 4). Chromosomes 5 and 7 contain
two AL genes apiece, followed by chromosomes 1, 2, 3, 4, and 11 with
one AL gene each. There was no AL gene in chromosomes 6, 8, 9, 10 and
12. OsAL5, OsAL7, and OsAL9 are located on the p arm, while the rest are
on the q arm of their respective chromosomes. OsAL7 and OsAL9 are
located towards the centromere.

The evolution of a plant has been greatly aided by gene duplication
as it results in the emergence of new functions, and thus the expansion of
different gene families. The analysis of OsALs gene duplication aimed to
uncover the evolutionary history of the gene family in rice. Four
segmentally duplicated gene pairs were identified, while no tandem
duplication was found between the genes (Fig. 5 and S2 Table). To assess
the selection pressure, Ka/Ks values were calculated; values greater than
1 denoted positive selection, values equal to 1 denoted negative selec-
tion, and values less than 1 denoted purifying selection [77]. The
duplicated OsAL pairs’ ka/Ks values were all less than 0.3, which in-
dicates that purifying selection has been a driving force in their evolu-
tion. In addition, it is estimated that these duplication events occurred
between 23.59 and 80.05 million years ago (Mya), with the OsA-
L3/0sAL7 duplication being the most recent at 23.59 Mya. The OsA-
L1/0sAL2 duplication likely corresponds to the oldest event at 80.05
Mya, with other events falling in between at approximately 33.76 and
23.97 Mya.

Alfin/DUF3594 Domain

OsALl : [UEGGGGGGGGGGGGGGGGGGGGAPYAT):S J$!CDPEKENLCLY G PNIY 100
CsAL2 : WDEGGGAGAAAAARAGNAAG-AAVHHNAE IeCDPERKENLCLY Q¢ PNI 99
CsAL3 : WEMAP-————————————— AAQVASND G. CDEEKENLCLY (e} 86
CsAL4 : WNDGGYGS————————————— VT IVHDAS INeCDPEKENLCLY Q¥ PN} 87
CsALS : WDASYRRDG-—--RGGGGGGGGGGSADR:E ¥YeCDPERENLCLY ¢ NI 96
OsAL6 : [UDGGSGG—————————————==— PYTSIN (03! CDPEKENLCLY G PNI) 84
OsAL7 : WEMA-——————————————— APVSPAR [§3CDPERENLCLYJ: PN 84
CsALS : WDAQY NPjd IeCDPERKENLCLY &3 PN ¥l 80
CsALY : luDGGG A [eleCDPERKENLCLY Q¥ PNI) LPAEEVEPELPEPALGINEZ RISV
OsAL1 : IRSNNIR =L g Ae A AKKQAK BN T PNSSSKSNA PSHIVQSKAESRSKS-KLSAP——— : 196
CsAL2 : MII‘CLPTVYEVVT IARKKQT--lVSNGSSKSNYSNHSPSKQSNSNSKPAKPPQP-—-— : 194
OsAL3 : MINDLPTVY]ﬂ 'VDRKHVRD-—3SGVDSSGKJHSTIRRTGEGQVKRSRVVAEEY——— : 179
OsAL4 : GVNTQS——3TANGSSK-NJISGIIPPKRPNSDSKPQKQVQA-—— : 181
CsALS : GUNINIRIR RN A e SROSKERDIXNSGMDNS SRNIA TSQYHTSDVARVENNIKEEDE-—- : 191
CsAL6 : RSN =L g g ife A AKKQTK YA PNSTNKPNA PSSIaMQPRPESHSKAPRPPAPP—— @ 182
CsAL7 : ~]:.IN[ﬁE‘TVE]ﬂL JSGADNGSKQSHSEIRANDVQTKTSRPAVVDD--— : 178
OsALS : GuEsNn s AN /e K SKAKPPSANNHSNSKSKSSNKTKSSEPRAKQPKPCPQPPVKN : 180
CsALY : SLVAVHSDTWLISZVAEYE[EAR SMINNLETI YE VM T TAKKQSK}ﬁTPKTSGKSI‘ﬁSG yPSRCPEPNSRGPRKMPPP--- : 177
PHD-finger Motif
CsSALl : ————————= KDEEGSGDDEGEEEEDDHD: G VRKITPARAEHIKOYK 1 272
CsSAL2 : ————————- KDEEDS—-GPEGTE-DEDQAY e GR ‘VRITPARAEHTIK®YK 1 267
OSAL3 : —————————————————- EDDDEE—--EN. G GR “VRITPARAEHIREYK 1 247
OSAL4 : ————————- KYEEEN-GGRGNGGDEDQA € GR VRITPARAEHIREYK : 256
CSALS : —————————————————— GYDEDDGDHS! G (64 VKITPAKAEEI Ko YK : 258
OSAL6 : ————————- KDDDESGDEYADEEEEERD! e GR cVKITPARAEHTIREYK : 2858
CSAL7 : ———————————————— GYDEEE--HS! G GR cVRITPARAEHIREYK 1 244
CsALS8 : EGREEEGGPDDEEGGGGGGGGGREEEHG G GR cVKITPARKAEHTIK®YK 1 278
CsSALY : ————————- KDEDDSGGEE-EEEEEDHE €. VEITPARAEHIREYK : 254
* %

Fig. 1. Multiple sequence alignment of OsAL proteins. The Alfin/DUF3594 domain and PHD-finger motif are labeled, and the asterisks denote the conserved Cys4-

His-Cys3 zinc finger motifs. Identical and similar amino acids are shaded as well.
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Fig. 2. Phylogenetic investigation of AL proteins in Oryza sativa, Zea mays, Brassica rapa, Arabidopsis thaliana and Medicago sativa (Alfalfa). Neighbor-joining method
with 1000 bootstrap replicates was used to construct the tree in MEGA X. Based on AtAL classification, the tree was clustered into four major groups depicted in

different colors.

When searching duplication events among rice AL genes and those of
other species, it was observed that no duplication event was found in
Arabidopsis, potato, wheat, tomato, cotton, grape, poplar, soybean, or
sorghum except maize. Between rice and maize, four pairs of ortholo-
gous AL genes were found (Table 2). The range of Ka/Ks values for these
pairs fell between 0.146 and 0.251, with a mean value of 0.210.

3.5. Cis-regulatory elements (CREs) analysis of OsALs’ promoter region

CREs are pivotal in controlling gene expression. To explore the pu-
tative regulatory mechanisms of OsALs in response to various stimuli,
the cis-elements in the promoter region of each OsAL gene up to 2.0 kb
upstream from the translation start site were scanned in the PlantCARE
database. This study identified a total of 70 CREs in the 5' UTR promoter
region of the OsALs. A list of all identified cis-regulatory elements, along
with their corresponding function, is mentioned in the S3 table. These
CREs were categorized into eight functional groups, including elements
responsive to light (27 % of all identified CREs), abiotic stress (15 %),
hormonal regulation (24 %), cellular development (10 %), promoter-
related (3 %), biotic stress (4 %), miscellaneous functions (7 %). In
addition, some CREs with unknown functions (constituting 10 % of the
total identified CREs) were also found in the OsAL genes (S3 table).
Fig. 6 depicts the abundance of hormonal regulation, cellular develop-
ment, and stress -responsive CREs in the OsALs.

Abiotic stress-responsive elements encompass various elements such
as ARE (anaerobic-response element), GC-motif (G-rich sequence motif),
LTR (low-temperature response element), CCAAT-box, DRE (dehydra-
tion-response element) core, MYB, MYB-recognition site, MYC, and
STRE (stress-responsive element), MBS (MYB binding site). They
participate in anaerobic, anoxic, drought, salt, and cold stress responses.
Additionally, biotic stress-responsive elements such as the W box (WRKY
binding site), WRE3 (W box-related element 3), and WUN-motif
(wound-responsive element) are primarily associated with fungal elici-
tors and wound responses. Furthermore, the TATA box and CAAT box
are notably prevalent in all OsAL genes (S3 table), which are the
essential core promoter elements. They mainly function in the promoter
and enhancer regions.

Cis-regulatory elements that are responsive to cellular development
are crucial for several processes, such as meristem expression, meristem-

specific and xylem-specific expression, circadian control, and secondary
xylem development. These encompass the AAGAA-motif, CAT-box,
CCGTCC-motif, AC-II, O,-site, Circadian and CCGTCC-box elements. The
light-responsive elements are the GA-motif, AE-box, Box 4, G-Box, G-
box, GATA-motif, GT1-motif, MRE, Sp 1, TCT-motif, Box II, C-box, chs-
Unit 1 m1, Gap-box, ATC-motif, ACE, TCCC-motif and LAMP-element
(S3 table). Hormonal-regulation responsive elements comprise ABRE,
TCA, ABRE3a, ABRE4, ABRE2, GARE-motif, TCA-element, TGA-
element, CARE, p-box, CGTCA-motif, TGACG-motif, ERE, as-1, TATC-
box, AuxRR-core. The Myb-binding site, MYB-like sequence, A-box,
DRE], and telo-box are examples of cis-elements with various functions.
Furthermore, several unnamed cis-elements were found with unknown
functions (S3 table). The abundance of cis-elements in the promoter
region highly indicates that they play a role in OsAL gene transcriptional
regulation. Additionally, an array of hormone and stress-related cis-el-
ements suggests a direct correlation with the genes’ activity under
different stress conditions in rice. Hence, it is plausible that the OsAL TF
genes are important in regulating rice stress responses.

3.6. Identification of miRNAs targeting the OsAL genes

MicroRNAs (miRNAs) serve as significant post-transcriptional regu-
lators of the expression of genes in both animals and plants. Down-
regulation of miRNAs implies increased expression of their target
mRNA. We used the psRNATarget database [58] to identify the miRNAs
that target the AL genes in rice. In total, 88 unique potential miRNAs of
19-24 nucleotide long targeting the OsALs were identified. The S4 table
contains information on the identified miRNAs and their mode of
inhibition.

Fig. 7 shows a schematic representation of miRNAs-OsALs interac-
tion. Targeted regulatory relation between miRNAs and their OsALs
revealed that OsAL2 was targeted by the least number of miRNAs: osa-
miR5815 and osa-miR1440b (Fig. 7). The highest number of miRNAs
targeted OsAL4. The number of miRNAs targeting OsAL genes were 9 for
OsAL1, 2 for OsAL2, 9 for OsAL3, 29 for OsAL4, 8 for OsAL5, 14 for
OsAL6, 4 for OsAL7, 6 for OsAL8, 7 for OsAL9 (Fig. 7). In addition, 7
miRNAs targeted more than one OsAL gene. These miRNAs include
0samiR2101-5p, osa-miR5075, osa-miR1858a, osa-miR1858b, osa-
miR2925, osa-miR5832, osamiR5814 (Fig. 7). osa-miR5832 target
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Fig. 3. Phylogeny, gene structure and conserved motifs in nine OsALs of rice. The phylogenetic tree generated via Neighbor-joining method shows evolutionary
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Fig. 5. Duplication events of OsALs within rice genome. The red lines indicate
specific duplications of OsALs, while the gray lines represent duplications across
the entire rice genome. TBtools was used to generate this plot.

Table 2
Duplication events between AL genes in rice and maize.
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OsAL3, OsAL4 and OsAL6. osa-miR5075 target OsAL1, OsAL5, OsAL4,
OsAL9. osa-miR5814 target OsAL7 and OsAL8. osa-miR1858a target
OsAL1, OsAL5, OsAL6. osa-miR2925 target OsAL1, OsAL4, OsAL6. osa-
miR1858b target OsAL1, OsAL5, OsAL6 (Fig. 7). Most miRNA-
mediated OsAL repression involved mRNA cleavage, while a small
fraction of targets was blocked at the translational level. Therefore, it
suggests that the identified miRNAs may regulate OsALs expression post-
transcriptionally by cleaving mRNA and inhibiting translation.

To investigate the expression patterns of the identified miRNAs, a
heatmap (Fig. 8) was generated using the miRNAs’ expression data from
PmiRExAt [61] in different tissue types and abiotic stress conditions. For
this study, miRNAs having an expected value of 5 were chosen. Among
these miRNAs, osa-miR444b.2, which targets OsAL5, exhibited a high
degree of expression in every tissue and under several stress conditions.
Additionally, osamiR5797 which targets OsAL3, displayed prominent
expression in anther, while in leaves, osa-miR812k targeting OsAL6
exhibited significant expression. Also, significant expression of
osa-miR812k was found under Hy0O stress response during seedling
development. Furthermore, osa-miR408-5p targeting OsAL9 was
expressed in leaf, root, embryo, and endosperm, osa-miR1875 targeting
OsAL8 expressed in leaf and root, osa-miR1858a targeting OsAL1, OsAl5,
OsAL6 was expressed in endosperm. The majority of miRNAs exhibited
decreased expression during various stress conditions. Downregulation
of these miRNAs during stress conditions suggests the upregulated
expression of OsALs in response to different stress environments.

Duplicated gene 1 Duplicated Ka Ks Ka/Ks Duplication time (Mya) Purifying selection Duplicate type
gene 2
OsAL3 AC225147.4_ FGO03 0.1016 0.6979 0.1455796 23.26 Yes Segmental
OsAL5 GRMZM2G148810 0.2175 0.7432 0.2926534 24.77 Yes Segmental
OsAL5 GRMZM5G893976 0.1188 0.7845 0.151434 26.15 Yes Segmental
OsAL7 GRMZM2G047316 0.1263 0.5028 0.2511933 16.76 Yes Segmental
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Fig. 6. Schematic depiction of hormonal-regulation, cellular development and stress-responsive cis-regulatory elements (CREs) in OsALs. The scale at the bottom
depicts the nucleotides upstream of the translation start site indicated by the red arrow. Distinct colors denote distinct CREs. Abiotic stress-responsive CREs: GC-
motif, ARE, LTR, MBS, CCAAT-box, DRE core, MYB, MYB-recognition site, MYC, and STRE. Biotic stress-responsive CREs: W box, WRE3, and WUN-motif. Hor-
monal regulation CREs: ABRE, ABRE3a, ABRE4, ABRE2, GARE-motif, p-box, TCA, TCA-element, TGA-element, CARE, CGTCA-motif, TGACG-motif, ERE, as-1, TATC-
box, and AuxRR-core. Cellular developmental CREs: CAT-box, O2-site, circadian, CCGTCC-motif, CCGTCC-box, AC-II, and AAGAA-motif.
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osa-miRB1Zk

Fig. 7. Identification of putative miRNAs that target OsALs. Cytoscape was used to create the schematic representation of miRNAs-OsALs interaction. Black-colored
boxes display the miRNAs, variously colored boxes correspond to distinct OsALs, and the arrows denote the regulatory relationship.

3.7. Analysis of protein structure

Secondary structure analysis of OsALs unveiled the positioning of
various elements, including alpha-helix, beta-sheet, isolated beta bridge,
turn, coil, 310-helix, and transmembrane helix (Fig. 9). The S5
Table provides the percentage of these elements and the location of the
transmembrane helix. Notably, the most prevalent secondary structure
is the alpha-helix, closely followed by the turn, coil, beta-sheet, and 310-
helix. However, exceptions were observed in the case of OsAL1, 4, 7 and
9.In OsAL1 and 4, the coil percentage exceeded that of the turn, while in
OsALl, 7, and 9, the 310-helix percentage was greater than the beta-
sheet percentage. The greater proportion of helical structures suggests
the stability of OsALs [78], whereas structures like random coils play a
crucial role in signaling cascades [79]. Furthermore, an analysis of
membrane-spanning motifs (MSM) [64] revealed that only OsAL5 con-
tains a single membrane-spanning motif.

3D models of the OsAL proteins were generated through the
RoseTTAFold method of Robetta [64]. To enhance the precision of these
models, we employed GalaxyRefine [65] to refine the resulting models
and conducted energy minimization with Swiss-PdbViewer [66]. All of
the OsAL proteins’ modeled tertiary structures are shown in Fig. 10 and
were visualized using Discovery Studio [70]. The validation process for
these generated structures involved PROCHECK [67], ERRAT [68], and
ProSA-web server [69] (as documented in the S6 table). The quality of
the proteins was assessed through the PROCHECK’s Ramachandran plot
analysis. Remarkably, more than 90 % of the residues were found in the
favored and additional allowed regions, with less than 1.5 % falling into
the disallowed regions. This confirms the good quality of our projected
models (S1 Fig). According to the analysis by ERRAT [68], the models
demonstrated an overall quality factor of >87 (S2 Fig). Meanwhile,
ProSA-web [69] provided the Z-score, a measure of how closely the

designed models resemble native structures (S6 Table), along with an
energy plot depicting the local quality of the models. Notably, the
Z-score fell within the range typically associated with native proteins,
signifying the high quality of our generated structures, which also
remained well within the range of X-ray crystal structures (S3 Fig). The
energy plot (S4 Fig) displayed that all of the residues in the simulated
structures had a lower energy value. These collective outcomes under-
score the high standard of the modeled tertiary protein structures.

3.8. OsALs gene expression analysis in rice from the RNA-Seq and
microarray data

Gene expression analysis examines how often or actively a protein is
produced from its corresponding gene. This serves as a highly sensitive
indicator of biological activity, as alterations in gene expression patterns
correspond to changes in natural biological processes. Gene expression
data of the 9 OsAL genes in various tissues were collected from the Rice
Genome Annotation Project database [39] and the Rice Expression
Database [71]. A heatmap was then generated using the normalized
RNA-Seq FPKM expression values (Fig. 11).

The analysis revealed that OsAL1, OsAL2, OsAL8, and OsAL9 had
high expression in most tissues, while only OsAL4 showed down-
regulation across all tissues. Genes with tissue-specific expression pat-
terns were present in some cases. For example, OsAL3 upregulated in
anther, pistil (BF), and seed (5 DAP), while OsAL7 upregulated in shoots,
endosperm (25 DAP), seed (5 DAP), seed (10 DAP), and mature seed. In
the same manner, OsAL5 showed tissue-specific expression in anther and
anther (BF). OsAL2 showed expression in all the tissues except down-
regulation in roots, endosperm (25 DAP), and seed (10 DAP). OsAL6 was
highly expressed in roots, roots (7 days S), shoots, and seeds (5 DAP).
OsAL8 showed downregulation in root (14 days S), endosperm (25
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Fig. 8. The expression patterns of OsALs-targeting miRNAs in various tissues and abiotic stresses. GraphPad Prism 9.0.0 was utilized to construct the heatmap. The

color scale on the right-side indicates the relative expression of each miRNA.

DAP), seed (10 DAP), and mature seed. In endosperm (25 DAP), all the
genes were downregulated except OsAL7, and in seedling (4 LS), only
OsAL2 showed upregulation.

To assess OsAL expression during different developmental stages,
pre-analyzed expression data from mRNA-seq expression values of ten
developmental stages of rice were retrieved from GENEVESTIGATOR.
Then, the GraphPad Prism 9.0.0 was used to generate a scatter plot with
error bars (Fig. 12). The analysis showed that most genes were highly
expressed during development, except for OsAL4, which had decreased
expression in the early stages of development of the rice plant.

Furthermore, to gain insight into how OsALs respond to different
types of stresses, the expression profiles of OsALs in response to both
biotic and abiotic conditions were examined. To conduct the study,
RNA-seq data retrieved from GENEVESTIGATOR was employed to
create the corresponding heatmaps in GraphPad Prism 9.0.0. Figs. 13
and 14 demonstrate these heatmaps, showcasing their expression pro-
files under different biotic and abiotic stresses, respectively. The color
scale in each figure represents Logs values of relative expression.

In reaction to an infection by the rice stripe virus (RSV), OsAL4, 5, 6,
7, and 9 exhibited an increase in their expression levels, while OsAL1, 2,
and 3 were found to be downregulated (Fig. 13). In the case of bacterial
leaf streak pathogen, Xanthomonas oryzae pv. Oryzicola, strains infecting
rice, the expression of OsAL3, 5, and 7 were high, whereas OsAL2 and 8
showed low expression. Furthermore, rice dwarf virus (RDV) infection
led to the upregulation of OsALI and 9, while the remaining genes were
found to be downregulated. It was also observed that OsAL2, 3, and 8
showed upregulation in response to Rhizoctonia solani infection that
causes rice sheath blight, whereas OsAL4, 7, and 9 displayed down-
regulation. When the rice plant was exposed to rice blast fungus (Mag-
naporthe oryzae) infection, it increased OsAL2, 3, and 8 expression,
suggesting their potential role to combat rice blast disease. These
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findings addressed the involvement and significance of OsALs in con-
trolling rice stress responses to different pathogens as well as biotic
stresses.

The genes had distinct expression patterns with varying time dura-
tion heat treatments (Fig. 14). Except for OsAL4, all OsALs were down-
regulated after 30 and 60 min of heat treatment. In the case of a 120-
minute heat treatment, OsALI, 2, 4, 6, 7, and 8 were elevated. In addi-
tion, OsAL2, 4 and 8 were upregulated after 165 min of heat treatment,
whereas OsALI1, 2, and 4 were upregulated during 225 min of heat
treatment. It was observed that OsAL4 was highly expressed in heat
stress of all time duration. Similar distinctive expression patterns were
seen after dehydration (Fig. 14). Dehydration stress for 30 min increased
OsAL8 and 9 expression levels, whereas stress for 60 min increased
OsAL4, 8, and 9. In addition, OsAL1 and 7 were upregulated in 90 min
dehydration condition while a dehydration period of 135 min induced
the expression of OsAL1, 3, 4, and 6. During varying durations of anoxic
conditions (Fig. 14), OsAL3, 6, and 8 were found to be upregulated. It
was observed that the expression of OsAL3 and 6 were proportional to
the duration of the anoxic conditions, while OsAL8 showed a constant
upregulation. In addition, OsAL4, 5 were expressed in 3 h of anoxic
conditions, and OsAL7 also exhibited a moderate level of expression in
both 3 and 12 h of anoxic conditions. In the case of drought stress
(Fig. 14), the exposure for 2 and 3 days caused upregulation of all OsALs
except OsAL4 and 8. Under 8 days-long drought conditions, only OsAL4
was upregulated, with the rest being in downregulation. Further, when
exposed to 13 days-long drought stress OsAL1, 3, 4, 5, and 9 showed
upregulation, and 20 days-long drought caused downregulation of all
OsALs except OsAL4. In a drought condition of 26 days, OsAL2 and 4
were highly expressed. In case of salt stress, 1 hour of salt treatment
caused upregulation of OsAL1, 2, 3, 4, 5, 6, 7 and 9 in the shoot, while 5
h of treatment caused upregulation of OsAL3, 6, 7, 8, and 9 (Fig. 14). In
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addition, 24 h of treatment induced the expression of OsALI, 2, 3, 4 and
6 in shoot. It was also found that OsAL1, 2, 3, and 5 expression levels
were high in the roots under salinity, whereas OsAL1, 2, 3, and 4 were
elevated in the leaves. The analysis also observed that OsALI and 3 were
elevated, whereas others were downregulated during the submergence
stress (Fig. 14). Cold treatment upregulated the expression of OsAL1, 2,
4, 5, 6, 8 and 9, whereas OsAL1, 3, 6, 7, 8 and 9 were upregulated under
alkali treatment (Fig. 14). The distinct expression patterns of OsALs
under different stressful conditions revealed their role in regulating the
stress response in rice.

Additionally, to explore their expression patterns in response to
different hormones required for plant growth and development, such as
abscisic acid, auxins, cytokinins, gibberellin, salicylic acid, ethylene,
jasmonic acid, and kinetin, microarray expression data of nine OsALs
were retrieved from GENEVESTIGATOR, and then represented in a
heatmap via GraphPad Prism 9.0.0 (Fig. 15). The OsALs had distinct
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expression patterns. In response to indole-3-acetic acid (IAA), all OsALs
exhibited elevated expression except OsAL2. Only OsAL1 demonstrated
upregulation under abscisic acid (ABA) treatment, while salicylic acid
(SA) induced the high expression of OsALI and 4. Additionally, the
direct precursor of ethylene, 1-amicocyclopropane-1-carboxylic acid
(ACQ), led to increased expression of OsAL1, 4, 6, and 7. Only OsAL7 was
highly expressed upon exposure to jasmonic acid (JA). Notably,
gibberellin (GA3) triggered the high expression of all OsALs. Both 1-
naphthaleneacetic acid (NAA) and kinetin induced the upregulation of
OsAL3 and OsAL5-9. In addition, OsAL2, 4, 6, and 7 demonstrated
elevated expression in response to 6-benzylaminopurine (BAP), while
under the treatment of trans-zeatin (tZ), OsAL3-7 exhibited significant
upregulation.
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Fig. 10. Predicted 3D structures of OsAL proteins. The tertiary structures were constructed by Robetta online server, and then Biovia Discovery Studio Visualizer was

used to visualize them.

3.9. OsALs gene expression analysis under multiple abiotic stresses from
RT-qPCR data

The relative expression levels of OsALs were evaluated in rice seed-
ling under a range of stress conditions such as heat, cold, cadmium, salt,
submergence, and drought. Fig. 16 shows a heatmap of the real-time
expression data of OsALs after being exposed to these stresses for 18 to
20 h.

As shown in Fig. 16, both transcripts of OsAL1, OsAL1.1 and OsAL1.2
exhibited significant higher expression under cold, submergence and
drought stress. However, under salt stress, OsAL1.2 showed a significant
expression than OsALI1.1, and none of the transcripts had significant
expression in response to heat stress. The RNA-seq data (Fig. 14) also
demonstrated the increased expression of OsAL1 under conditions of
heat, drought, salt, submergence, cold, dehydration, and alkali stress.
OsAL2 showed significant upregulation in all the stress conditions except
cadmium and heat, and the expression level was more than ten-fold in
response to cold and submergence stress. The expression pattern of
OsAL2 obtained from the RNA-Seq data (Fig. 14) was also consistent
with this RT-qPCR result, except for its expression under submergence
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stress. OsAL3 exhibited substantially elevated expression levels in cold,
submerged, and drought environments, and the RNA-Seq data (Fig. 14)
also showed consistent results. However, when exposed to salt stress, the
gene significantly downregulated in RT-qPCR analysis, even though the
RNA-Seq data showed an increase (Fig. 14). No significant results were
observed for OsAL4 and OsAL5 expression under any of these stress
conditions, and the expression patterns from the RNA-Seq data (Fig. 14)
didn’t show consistent results. OsAL6 showed a nearly three-fold
significantly higher expression under the conditions of cold and heat
stress, and the RNA-Seq data (Fig. 14) also supported this finding.
Although there was a higher expression under salt, submergence, and
drought conditions, it was not significant. The RT-qPCR data analysis
found that the transcripts of OsAL7 showed different expression patterns
under stress conditions. The primary transcript, OsAL7.1, exhibited
substantial upregulation under cold and drought stress with no signifi-
cant downregulation under other stresses. The other transcripts,
OsAL7.2 and OsAL7.3, showed significant downregulation in all of these
stressful situations. However, the RNA-Seq data of OsAL7 (Fig. 14)
didn’t show consistent results except for heat, drought, and salt stress for
the primary transcript OsAL7.1. OsAL8 showed significantly higher
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Fig. 11. Expression profiling of OsALs of rice in different tissues. RNA-seq data was retrieved from the Rice Expression Database and Rice Genome Annotation Project
database. GraphPad Prism 9.0.0 was used to generate the heatmap. The color bar at right-side of the heatmap represents relative expression values, where red denotes
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Fig. 12. A scatter plot illustrating the expression pattern of OsALs across ten developmental stages of rice plant. Pre-analyzed RNA-Seq data from GENEVESTIGATOR
was used to generate the plot with error bar in GraphPad Prism 9.0.0. Different colored circles represent different OsAL genes. Ten developmental stages are also
mentioned at the bottom. The scale on the left-side represents the level of expression in Log2 scale.

expression under all the stress conditions except cadmium and heat, and didn’t demonstrate consistent results. Regarding the expression profile
the relative expression level was four-fold under cold stress. However, of OsAL9, it was shown that the primary transcript OsAL9.1 exhibited
under drought and submergence stress, the RNA-Seq data of Fig. 14 more than five-fold significant higher expression level under cold stress.
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Fig. 13. Expression profiling of OsALs in response to different biotic stress conditions. RNA-Seq data from GENEVESTIGATOR was employed to create the heatmap in
GraphPad Prism 9.0.0 software. The right-side scale of the heatmap represents relative expression values. High expression level is shown in red, low expression level
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Additionally, it was substantially upregulated in response to salt and
drought stress. This finding was also supported by the RNA-Seq data
(Fig. 14). Furthermore, a significant higher expression was observed in
OsAL9.2 under cold and submergence stress, and more than five-fold
expression level was found in response to cold stress. The expression
profiling under these stress environments using RT-qPCR data revealed
that none of the OsAL genes showed significant upregulation or down-
regulation in response to cadmium. Under cold stress, all the genes
except OsAL4, 5, 7.2, and 7.3 showed significantly higher expression.
Additionally, in response to salt, OsAL1.2, 2, 8, and 9.1 showed signif-
icant upregulation. Under heat stress, only OsAL6 showed a significant
higher expression level. It was also observed that under submergence
and drought conditions, most of the genes were significantly expressed.
This finding suggests the potential involvement of OsALs family in
controlling rice’s abiotic stress response.

4. Discussion

The Alfin-like transcription factor (TF) family exhibits apparent
involvement in various physiological processes in plants. Extensive
research has focused on understanding its features and functions in
Arabidopsis [26,33] and crop plants maize and Brassica [34-36]. Rice is a
primary staple meal for more than half of the world’s population, with
Asia being the primary contributor to global rice production [80].
However, rice production is facing challenges due to different types of
biotic and abiotic stresses. The rising occurrence of these stresses em-
phasizes the necessity of developing rice varieties that can withstand
and tolerate stresses. To address this, the complete and accurate anno-
tation of genes and gene families, along with their functional explora-
tion, especially their role in stress responses, is a crucial starting point to
potentially modify and manipulate them for developing stress-tolerant
rice varieties through genetic engineering to increase the annual yield
worldwide.

As the AL gene family plays a role in plant development and stress
responses, it is important to extensively investigate this gene family in
rice. Therefore, this study was designed to conduct a comparative
genome-wide analysis of the AL gene family in rice and to explore its
potential involvement in responding to different stresses.

A total of nine Alfin-like TF genes in rice were found in this study,
whereas ten OsAL TF genes had been reported previously [81]. All the
genes possess both the Alfin domain and the PHD-zinc finger motif at
their respective N and C termini [33,34] (Table S1). These genes vary in
sequence length, molecular weight, and pl value, indicating that the
gene family is diverse and the proteins were found to be localized in the
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nucleus, cytoplasm, mitochondria, and extracellular space (Table 1).
However, there are differences in the localization of the proteins pre-
dicted by the two tools. The majority of the proteins, according to
CELLO’s findings, are found in the nucleus, but WoLF PSORT suggested
that they may also be found in the cytoplasm and mitochondria. Finding
their precise location will require more investigation. Additionally, a
multiple sequence alignment of the AL proteins revealed that the
members have high sequence similarity (Fig. 1).

The phylogenetic tree showed the evolutionary relationship of AL TF
genes among Oryza sativa, Arabidopsis thaliana, Zea mays, Brassica rapa,
and Alfin1 gene of alfalfa (Fig. 2). Based on the AtALs classification [33]
used in the earlier research on maize and Brassica [34-36], we found
that the phylogenetic tree could be split into four different groups,
namely I, II, III, and IV. The 9 OsAL protein belonged to groups I, Il and
IV. No new groups were identified for any of the OsALs. The OsAL gene
family was discovered to share an equal number of groups with the
ZmAL gene family but not with the BrAL and AtAL gene families. This
finding suggests that the OsAL gene family is a family of genes that
originated after the division of monocotyledon and dicotyledon plants
[82].

Intron-exon structural divergence in plant genes plays a vital role in
evolution [83]. All members of the OsAL TF family were found to have
four introns and five exons by gene structure analysis (Fig. 3). The
absence of intronless genes suggests that they are highly expressed and
have not recently evolved [84,85].

Conserved motifs are crucial for the function and specificity of pro-
teins. Protein interactions can be better understood by identifying
common structural patterns that are shared by many different proteins
[86]. Conserved motif analysis found that because of the high sequence
similarity among OsAL proteins, the motifs were common among the
members across the three phylogenetic groups (Fig. 3). The first seven of
the fifteen motifs were found in all OsAL proteins. All the proteins had
motif 7 and 6 at their N-terminus and C-terminus, respectively. Motif 14
was found in OsAL1, OsAL8, and OsAL5. OsAL2 and OsAL3 shared motif
12, and OsAL9 and OsAL5 both had motif 13. Motif 8 appeared in both
OsAL2 and OsAL4. Motif 10 was discovered in OsAL3 and OsAL5, while
motif 11 was discovered in OsAL1 and OsAL9. Motif 9 appeared in
OsAL3 and OsAL4, while motif 15 appeared in OsAL8 and OsAL7. The
functional annotation revealed that motif 1, 3, and 4 comprise the
Alfin/DUF3594 domain, whereas motif 2 encodes the PHD- zinc finger
motif. The functional annotations of other motifs have yet to be
investigated.

The position of a gene on a chromosome impacts the evolution and
expression of a trait in plants [87]. The chromosomal distribution study
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Fig. 14. Expression profiling of OsALs under different abiotic stresses. RNA-Seq data retrieved from GENEVESTIGATOR was used to create the heatmap in GraphPad
Prism 9.0.0. Relative expression values are denoted by the right-side scale of the heatmap and the colors red, black, and green represent different expression levels:
high expression, moderate, and low. Abbreviations: h-hour; d- day; L- leaf; S- shoot; R- root; E- embryo; A- anther; Sb- shoot base.

revealed that OsAL genes are randomly and unequally distributed across
seven of rice’s twelve chromosomes (Fig. 4). There is no AL gene in
chromosomes 6, 8, 9, 10, and 12. During evolution, gene duplication is
important for the expansion of gene families and the emergence of novel
functions [88]. Four instances of gene duplication were found in the
genome by the gene duplication study (Fig. 5). The occurrences of gene
duplication on different chromosomes suggest that segmental duplica-
tion was the primary driver of diversification. Ka/Ks values < 1 in the
duplicated OsAL pairs indicated that purifying selection had played a
role in their evolution [77] (Table S2).

Cis-elements and transcription factors (TFs) work together in a
gene’s promoter region to form the transcription initiation complex and
activate the RNA polymerase, which initiates the transcription of a gene
[89]. Within the promoter region of the OsAL TF gene family, a total of
70 cis-regulatory elements were found and further categorized into eight
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functional groups (Table S3). Various types of hormones,
cellular-development, and stress-related cis-elements suggest that this
gene family may be directly correlated with rice growth, development,
and stress responses (Fig. 6). miRNA-mediated gene regulation plays a
crucial role in modulating plant response to environmental stimuli [90].
This study identified a total of 88 distinct candidate miRNAs that could
target rice OsAL gene family members (Table S4). Seven miRNAs have
several OsAL genes as their targets, and the rest were specific to only one
gene (Fig. 7). The targeted regulatory relationship between miRNAs and
their OsALs revealed that OsAL2 was targeted by the fewest miRNAs,
while OsAL4 was targeted by the most miRNAs. It implies that miRNAs
could have a potential role in the expression of OsAL2 and OsALA4.
Additionally, osa-miR5075 targeted four different genes, suggesting that
this miRNA may play a significant role in the expression of OsALs. The
study also revealed that most of OsAL repression mediated by miRNA
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Fig. 15. Expression profiling of OsALs in response to various hormonal treatments. Microarray expression data obtained from GENEVESTIGATOR was utilized to
construct the heatmap in GraphPad Prism 9.0.0. The scale at the bottom of the heatmap represents Log2 values of relative expression. A high, moderate, and low level
of expression are indicated by the colors-red, black, and green, respectively. Abbreviations: IAA- indole-3-aceric acid; ABA- abscisic acid; SA- salicylic acid; ACC- 1-
amicocyclopropane-1-carboxylic acid; JA- jasmonic acid; GA3- gibberellin; NAA- 1-naphthaleneacetic acid; BAP- 6-benzylaminopurine; tZ- trans-zeatin.

involves cleavage of mRNA, with a small fraction of targets being
inhibited at the translational level (Table S4). It indicates that the
identified miRNAs may exert post-transcriptional regulation on OsAL
expression through mRNA cleavage and translation inhibition.

The miRNA expression analysis observed that most of them have
reduced expressions in many tissues and stresses, except for osa-
miR444b.2, osamiR5797, osa-miR812k, osa-miR408-5p, osa-miR1875,
and osa-miR1858a (Fig. 8). The miRNAs mostly displayed reduced
expression in response to various stress conditions; this implies that the
regulation of OsAL genes by miRNAs may play an important role in
plants’ ability to respond to environmental obstacles and growth
conditions.

Secondary structure analysis revealed that all of the proteins had
similar proportions of alpha-helix, beta-sheet, isolated beta bridge, turn,
coil, and 310-helix, with some exceptions existing in OsALl, 4, 6, 7, 8,
and 9 (Fig. 9 and Table S5). No isolated beta bridge was found in OsAL1,
4, 6, and 9. OsAL7 and OsAL8 had higher beta-sheet, and 310-helix
percentages than the other proteins, respectively. The alpha-helix’s
dominance over other structures, which suggests that the protein
structure is stable, was also demonstrated in the study [78,91]. Only
OsAL5 was found to have a single membrane-spanning motif (MSM)
(Fig. 9 and Table S5).

3D structures of the OsAL proteins were also predicted in this study
(Fig. 10). Several tools confirmed the high quality of all the predicted
structures found in the tertiary structure analysis (Fig S1, S2, S3, S4 and
Table S6). These structures might be used in further research to more
precisely analyze the proteins.

To understand how OsALs function throughout the growth and
development of the plant, RNA-seq data was used to examine OsAL
expression patterns in different kinds of tissues in rice (Fig. 11). OsALs
were found to be differentially expressed by the tissue-specific expres-
sion analysis.

Higher expression levels of OsAL1, OsAL2, OsAL8, and OsAL9 in most
of the tissues revealed the involvement of these proteins in the devel-
opment and growth of rice. In addition, OsAL3 had abundant expression

in anther, pistil, and seed, OsAL7 in shoots, endosperm, and seed, OsAL5
in anther, and OsAL6 in roots, shoots, and seed. Only OsAL4 showed
downregulation in every tissue. The high expression of OsALs in anther,
pistil, embryo, and seed suggests their potential involvement in pollen
germination, fertilization, and reproduction processes, whereas their
abundant expressions in panicle, inflorescence, and leaves suggest their
respective roles in flower and leaf development. In addition, the high
expression levels of these genes in both root and shoot imply their
substantial contribution to the development of these plant organs.
Furthermore, the way they express themselves during the seedling stage
suggests that they may be involved in the early stages of plant growth.
Alfalfa [25] and Arabidopsis [26] have both previously reported on the
function of ALs in root growth. In addition, previous studies in Brassica
rapa [34], Brassica oleracea [35], and Zea mays [36] have all revealed
evidence of the involvement of ALs in a variety of physiological pro-
cesses in plants, such as flower development, root and shoot growth, and
leaf development.

Furthermore, the expression of OsALs in the ten developmental
stages of rice was examined using pre-analyzed expression data from
mRNA-seq expression values retrieved from GENEVESTIGATOR. All
OsALs were found to be substantially expressed during the develop-
mental stages, except for OsAL4, which displayed a low expression
pattern during the early developmental stages of the rice plant (Fig. 12).
The findings also suggests that the AL genes play a role in rice devel-
opment and growth.

In addition, to understand the responsiveness of OsALs to different
plant hormones, their expression patterns under various hormonal
treatments were investigated via microarray data (Fig. 15). The
expression analysis revealed that in response to indole-3-acetic acid
(IAA), an auxin class of hormones, all OsALs exhibited elevated
expression except OsAL2. Only OsAL1 demonstrated upregulation under
abscisic acid (ABA) hormone treatment, while salicylic acid (SA) hor-
mone induced the elevated expression of OsALI and 4. Additionally, the
direct precursor of ethylene hormone, 1-amicocyclopropane-1-carbox-
ylic acid (ACC), led to the increased expression of OsALl, 4, 6, and 7.
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Fig. 16. Analysis of OsALs’ relative expression in response to different abiotic stress conditions by RT-qPCR. The relative expression value of each OsAL in the leaves
of rice plant is shown on the Y-axis, and the X-axis shows the stress conditions. Mean value of expression at each stress treatment was determined via technical
replication. Data were analyzed in GraphPad Prism 9.0.0 and Microsoft Office 2019. One-way ANOVA and Bonferroni post-hoc test were performed to determine the
significant difference (P< 0.05). To show the significant differences, different means were labeled with different numbers of stars (*).

Only OsAL7 was highly expressed upon exposure to jasmonic acid (JA), a
jasmonate class of lipid-based hormone. Notably, the gibberellin (GA3)
hormone triggered the high expression of all OsALs. Both the synthetic
auxin, 1-naphthaleneacetic acid (NAA), and a cytokinin-like synthetic
hormone, kinetin induced the upregulation of OsAL3 and OsAL5-9. In
addition, OsAL2, 4, 6, and 7 demonstrated elevated expression in
response to synthetic cytokinin 6-benzylaminopurine (BAP), while
under the treatment of another cytokinin derived hormone trans-zeatin
(tZ), OsAL3-7 exhibited significant upregulation. Therefore, this study
also demonstrated the responsiveness of OsALs to different types of plant
hormones which are important for the growth and development of rice.

Additionally, to investigate the involvement of OsALs in different
stress conditions, expression levels were examined using RNA-seq data.
OsALs activity upon exposure to bacteria, fungi, and viruses was
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investigated. The study explored how OsALs responded to different bi-
otic factors including bacterial, fungal, and viral infections (Fig. 13). Our
research revealed that when exposed to rice stripe virus (RSV), OsAL4-7
and 9 exhibited increased expression, while rice dwarf virus (RDV)
infection led to upregulation of OsAL1 and 9. Moreover, OsAL3, 5, and 7
showed higher activity when confronted with Xanthomonas oryzae pv.
Oryzicola, a leaf-streak disease causing bacterium.

The study also demonstrated that both rice sheath blight-causing
Rhizoctonia solani and rice blast-causing Magnaporthe oryzae fungal
infection elevated the expression of OsAL2, 3, and 8. The precise role of
Arabidopsis AL proteins under biotic stresses remains undetermined. The
current finding is consistent with prior studies that have demonstrated
the role of Brassica AL proteins in providing resistance to fungal and
bacterial infections [34,35]. Furthermore, the biotic stress-responsive
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cis-elements W-box, WRE3, and WUN motifs were found in all the OsALs
promoter regions. Our investigation of the function of these genes in
providing defenses under such stressful circumstances is also supported
by the existence of these motifs.

To ascertain the role of OsALs under various abiotic stresses, we
examined the information taken after analyzing the RNA-seq data
(Fig. 14), and compared it with the findings of the RT-qPCR analysis
(Fig. 16). Despite a few inconsistencies, the expression level of the ma-
jority of the genes remained consistent in both instances of the RNA-Seq
and RT-qPCR analysis. In both cases, OsAL1-3 and OsAL6-9 genes were
found to be crucial for dealing with cold stress, pointing to their po-
tential role in this situation. In addition, OsAL1, 2, 8, and 9 exhibited a
higher level of expression when the plant was exposed to salt stress,
suggesting their function in helping the plant survive under such con-
ditions. Under submergence, OsALI and 3 exhibited upregulation, which
raises the possibility that they are involved in this stress response. OSAL6
had a significantly higher expression level under heat stress in both
cases, implying its role in heat stress. The upregulated expression of
OsAL1-3, 7, and 9 under drought conditions suggests that these genes
may aid plants in surviving in this environment. Positive responses of
Alfin-like genes under cold, salt, and drought stresses have been reported
in Brassica rapa [34], Brassica oleracea [35], and Zea mays [36]. These
plants also showed higher expression levels for the majority of their AL
genes. In addition, transgenic alfalfa with overexpressed Alfinl exhibi-
ted enhanced salinity tolerance in a study that previously documented
the role of the Alfinl gene in alfalfa under salt stress [25,32]. Further-
more, transgenic Arabidopsis that expressed the AhAL1 gene of Atriplex
hortensis was shown to have improved tolerance to salt and drought
stress, and this finding suggested AhAL1 as a novel candidate gene for
enhancing crop plants’ resistance to abiotic stress [37]. The notion
concerning the involvement and function of OsALs in contexts of abiotic
stress is also supported by the presence of multiple cis-elements in the
promoter region which show responsiveness to different abiotic stresses.
Since gene expression is among the most intricate biological processes,
more research is required to comprehend the mechanism through which
OsALs control plant’s reactions to different stresses. These results imply
that OsALs are important for responding to a broad spectrum of biotic
and abiotic stresses; therefore, this gene family holds promise as a po-
tential target for genetic engineering that can offer defense against a
variety of stress conditions.

5. Conclusion

This research study involved the characterization of the rice Alfin-like
TF gene family and a comprehensive analysis of their expression profiles
under different contexts. This study identified nine OsAL genes, which
are located on different chromosomes (1-5, 7, and 11). Through
phylogenetic analysis, these genes were grouped into three categories,
and it was observed that this gene family evolved through segmental
duplication over time. Examining cis-regulatory elements indicated their
role in hormone regulation, developmental stages, and stress response to
a range of stimuli. Additionally, miRNA analysis aided in elucidating
their function to regulate the activity of their targeted OsALs. A thorough
analysis of the expression profiles by employing the RNA-seq data
revealed the role of OsALs during different growth phases and stresses.
In addition, their expression profiles in response to different hormones
and biotic stresses were also analyzed. Furthermore, the activity of
OsALs to a range of abiotic stresses was validated by the expression
analysis performed with RT-qPCR data. The three-dimensional struc-
tures of the OsAL proteins were also predicted in this study. The dis-
coveries above contribute to improved knowledge and a more
comprehensive understanding of the roles played by AL genes in rice.
These findings would also lay the groundwork for future research on
OsALs, potentially leading to the genomic modifications aimed at
furthering rice improvement and developing stress-tolerant varieties.
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