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ARTICLE INFO ABSTRACT

Keywords: Auxin response factors (ARFs) are a class of transcription factors with the ability to bind specifically to the
Coconut promoter region of auxin-responsive genes in plants and thereby modulate various aspects of biological processes
ARF

and responses to diverse environmental conditions. Identification and characterization of ARF gene families have
been undertaken in various plant species; however, no such data, delineating ARFs in coconut, is available.
Through genome-wide analysis, we have identified 20 CnARF (Cocos nucifera ARF) genes in the genome of a
dwarf cultivar, Chowghat Green Dwarf. Evolutionary analysis of CnARFs, along with ARFs from oil palm and date
palm, showed that palm ARFs could be classified into three major clades. Multiple sequence alignment and
analysis of conserved motifs revealed that majority of the CnARFs harbored all the three principal domains (i.e.
N-terminus DNA binding domain, an ARF sub-domain and an AUX/IAA sub-domain), which are characteristic of
all plant ARFs. Quantitative real-time PCR-based expression analysis of ARFs of mature zygotic embryos, exposed
to osmotic and temperature stresses and growth regulators, suggest a complex and stress-specific transcriptional
response of coconut embryo-derived ARFs. Collectively, these findings offer valuable information and the first
molecular insights into the CnARFs, laying the foundation for further functional characterization in develop-
mental and reproductive pathways and their inclusion in breeding for stress tolerance in coconut.

Gene expression pattern
Abiotic stress
Protein-protein interaction

more copies of the canonical motifs (‘TGTCGG’ or ‘TGTCTC’) known as
auxin-responsive element (AuxRE) (Roosjen et al., 2018). Interaction of

1. Introduction

The phytohormone auxin regulates various growth and develop-
mental processes in plants, including morphogenesis, phototropism,
responses to extreme environments (such as cold, water stress and
salinity), floral opening, development of seeds and dormancy, and plant-
microbe interactions (Matilla, 2020; Wu et al., 2020; Kunkel and
Johnson, 2021). Myriads of experimental evidence have shown this
regulation is achieved by the modulation of expression of various genes.
Aux/IAA (Indole-3-acetic acid-inducible gene), GH3 (Gretchen Hagen 3),
SAUR (small auxin up RNA) (Hagen and Guilfoyle, 2002), YUC (YUCCA)
and PIN (PIN-FORMED) (Feher, 2015) are some of the gene families that
are modulated in response to auxin treatment. Many of these early
responsive genes are characterized, in their promoter region, with one or

transcription factors (TFs) with AuxRE has been the hallmark of the
auxin signaling pathway. One such family of TFs is the Auxin Response
Factor (ARF), which modulates the expression patterns of auxin-
responsive genes by specifically binding with the AuxRE (Liscum and
Reed, 2002; Guilfoyle and Hagen, 2007). Progress in the field of auxin
biology has highlighted the role of three major domains in the ARF
protein family: (i) a N-terminus DNA-binding domain (DBD), which
belongs to B3 like family; (ii) a variable transcriptional regulator in the
middle region (MR), followed by (iii) a C-terminus PB1 domain (previ-
ously known as domain III/IV) (reviewed in Weijers and Wagner, 2016).
The N-terminal B3 type DBD, which is highly conserved, specifically
recognizes and binds to the ARF-specific AuxRE (Boer et al., 2014). The

Abbreviations: ARF, auxin response factors; TF, transcription factors; CGD, Chowghat Green Dwarf; IAA, indole acetic acid; MR, middle region.
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variable MR region, on the other hand, possesses the ability to either
repress or activate transcription from promoters which contain the
conserved AuxRE; the ability to activate or repress is decided by the
abundance of certain amino acid in the MR (Tiwari et al., 2003). While
an enrichment of glutamines in the MR makes it to function as an acti-
vator (ARFs of class A), an abundance of serines, prolines, and threo-
nines results in the MR functioning as a repressor (ARFs of classes B and
C) (Tiwari et al., 2003). The CTD domain participates in protein-protein
interactions by permitting ARF homo-dimerization and ARF- Aux/IAA
hetero-dimerization (Pérez-Rodriguez et al., 2010; Zhang et al., 2011).

Detailed studies of the auxin signaling pathway have revealed that at
low levels of auxin, members of Aux/IAA protein family form dimers
with ARFs (of class A), causing the target genes to be repressed with the
help of TOPLESS (TPL) and via histone deacetylase recruitment (Sze-
menyei et al., 2008). In contrast, at elevated levels of auxin, Aux/IAA
proteins are recognized by SKP1-Cullin-F-Box protein complex
comprising of the transport inhibitor response 1 protein (SCF'™®!) auxin
receptor or auxin signaling F-box protein (AFB) family members and
hastens the Aux/IAA protein degradation by the 26S proteasome. The
ARFs that become free ultimately regulate the transcription of their
target genes (Kepinski and Leyser, 2005; Dharmasiri et al., 2005).
Therefore, while class A ARFs mainly mediate auxin responses, class B
and C ARFs, in contrast, do not display strong binding to Aux/IAA
proteins and can repress gene expression by themselves (Chandler,
2016).

The genome-wide expression profiling of ARFs has been undertaken
in various plant species. These studies have revealed the presence of 23
members in Arabidopsis (Okushima et al., 2005), 25 in Oryza sativa
(Wang et al., 2007), 31 in Zea mays (Xing et al., 2011), 20 in Hordeum
vulgare (Tombuloglu, 2019), 20 in Solanum tuberosum (Song et al., 2019)
and 52 ARFs in Triticum aestivum (Gidhi et al., 2020).

The specific roles of individual ARFs in plant development have been
documented utilizing several loss-of-function ARF mutants. For
instance, in Arabidopsis thaliana, Atarf3 displayed defective patterning of
the carpels (Nishimura et al., 2005); Atarf5 exhibited abnormal vascular
strands, embryonic axis and root development (Hardtke and Berleth,
1998); Atarf7 mutants have impaired gravitropic, phototropic responses
and weak hypocotyl response to auxin stimulus (Harper et al., 2000);
Atarf8 mutants showed long hypocotyl and affected auxin equillibrium
(Goetz et al., 2006); Atarf7/Atarf19 double mutant has been shown to
have affected the growth of lateral root (Narise et al., 2010) and Atarf6/
Atarf8 double mutants show impairment in maturation of flowers
(Nagpal et al., 2005).

Recent advances in the perception of the ARFs have enabled the
exploration of its role and expression pattern in various plant species.
For instance, in rice, ARF12 is involved in Fe equilibrium (Qi et al.,
2012), while ARF16 regulates the uptake of PO.> ions. Moreover, the
unusual morphological change displayed by transgenic rice expressing
antisense ARF1 has revealed its significance in various growth and
developmental stage of rice plant (Aya et al., 2014). Above all, growing
bodies of evidence implicate the role of ARF gene family as a “molecular
defender” against biotic or abiotic stresses and the adversity of the
condition determines whether it should act as either a positive or as a
negative modulator (Li et al., 2016).

Coconut (Cocos nucifera L.; Arecaceae) is an important palm covering
an approximate area of around 11.81 million ha in the tropical and
subtropical regions, with 62.46 million nuts produced annually (FAO,
2021). A repertoire of studies on the transcriptional and
post-transcriptional regulation during zygotic embryogenesis (Bandu-
priya and Dunwell, 2015), somatic embryogenesis (Rajesh et al., 2016;
Sabana et al., 2020) and disease progression (Nejat et al., 2015; Rajesh
et al., 2015, 2018; Gangaraj and Rajesh, 2020) have been undertaken in
coconut; however, comprehensive data on the structure, molecular
evolution, expression profiling and functions of TFs in coconut remain
elusive. The recent study of Jin et al. (2021) has revealed the presence of
23 ARFs in the oil palm (Elaeis guineensis Jacq.) genome. In view of the
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importance of the ARFs in both the plant growth development and their
participation in responses to various stress conditions, this investigation
performs the genome-wide analyses of ARF gene family in coconut. A
total of 20 ARF genes were categorized by aligning the whole genome
data of Chowghat Green Dwarf cultivar with the ARF coding sequences
of closely related species (date palm and oil palm). Furthermore,
phylogenetic relationship, gene structure, domain prediction and
expression profiles of 20 ARFs in Cocos nucifera L. were undertaken. The
present work provides a base for understanding the molecular mecha-
nism of ARFs in coconut and establishes a significant foundation for
forthcoming investigations aimed at genome-assisted breeding of this
perennial species.

2. Materials and methods
2.1. Documentation of ARF genes in coconut

The coding sequences of ARFs of plant species sharing close lineage
with coconut, viz., oil palm (Elaeis guineensis) and date palm (Phoenix
dactylifera), were downloaded from NCBI database (https://www.ncbi.
nlm.nih.gov/) and were used as ARF model data set. Using the
retrieved ARF coding sequences as query, all possible homologous se-
quences in Chowghat Green Dwarf (CGD) genome (NCBI sequence read
archive database: BioProject Number PRJNA413280; Accession Number
SRS2696501) were identified by BLAST analysis. The aligned area was
further recovered from scaffolds using a custom made Python script
(score value of>100 and e value <10e—>). Besides, we used the CGD
protein sequence in FASTA format as a query to check against Pfam
Hidden Markov Model (HMM) library, employing PfamScan tool
(https://www.ebi.ac.uk/seqdb/confluence/display/THD/PfamScan).
Protein sequences with profiles of ARF protein domains [PF 06507: ARF
(AUX_RESP); PF 02309: AUX/IAA family; PF02362: B3 DNA binding
domain (B3)] were then extracted. All the putative Cocos nucifera ARFs
(CnARFs) obtained from BLAST analysis, followed by Pfam searches,
were further filtered to eliminate redundant sequences and isoforms.
Finally, FGENESH (http://www.softberry.com/) gene prediction tool
was also used for the initial annotation of the predicted CnARF family,
which was further corroborated by employing the NCBI conserved
domain database  (https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi). For the calculation of molecular weight, theoretical iso-
electric point (pI) and polypeptide length, ExXPASy ProtParam tools (http
s://web.expasy.org/protparam/) were used.

2.2. Phylogenetic analysis and amino acids composition of CnARFs

Multiple sequence alignment was performed with predicted ARF
proteins sequences obtained from coconut (CnARF), date palm (PdARF)
and oil palm (EgARF) in ClustalW2 (https://www.ebi.ac.uk/T
ools/msa/clustalw2/). The gap open penalty parameter was set as 15;
gap extension penalty parameter as 5 and the weight matrix selected was
‘IUB’ for DNA. Phylogenetic tree was generated using the multiple-
aligned ARF protein sequences in MEGAX (https://www.megasoftw
are.net/) software following the neighbor-joining (NJ) method (Saitou
and Nei, 1987). The test of phylogeny was performed with 1000 boot-
strap replications, and the evolutionary distances were calculated
following the Poisson correction technique (as given in Die et al., 2018).
ARFs with a single lineage at the base constituting a common prede-
cessor were further grouped together to create subclasses. Maximum
Likelihood method, with the JTT matrix-based model, was used to create
a global phylogenetic tree, using MEGAX, to show the relationship of
CnARFs with select plant species, viz., O. sativa (txid:4530), Z. mays
(txid:4577), P. dactylifera (txid:42345),Camellia sinensis (txid:4442),
Jatropha curcas (txid:180498),Cicer arietinum (txid:3827), Musa acumi-
nata (txid:4641) and E. guineensis (txid:51953). The bootstrap test was
conducted with 1000 repetitions.

To analyze the amino acid distribution pattern in three distinct
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domains of coconut ARFs, a multiple sequence alignment was performed
employing MEGAX (https://www.megasoftware.net/), and generation
of the shaded printouts from the aligned sequences was done using
BoxShade (https://embnet.vital-it.ch/software/BOX_form.html). The
shaded print outs from BoxShade were used to calculate the theoretical
number of activators and repressors. The middle regions of the CnARFs
were evaluated for the amino acid composition using specific tools,
provided in MEGAX, and histograms were constructed.

2.3. Gene structure and prediction of conserved motifs of CnARFs

The exon-intron architecture of CnARFs was obtained from the on-
line Gene Structure Display Server (GSDS) software (http://gsds.cbi.pk
u.edu.cn/) by comparing the full-length cDNA sequences with its cor-
responding genomic DNA as described by Hu et al. (2015). The MEME
algorithm (http://meme-suite.org/tools/meme) was executed on the
grounds of phylogenetic relationship to discover the conserved motifs
among the predicted 20 coconut ARF sequences. The program was run
locally, and the parameters were set to a maximum of nine motifs and
motif width between six and 50 (both inclusive). Finally, the MAST
program was utilized to explore all the detected motifs in CnARF
proteins.

2.4. Prediction of protein-protein interaction of CnARFs

The STRING database (Search Tool for the Retrieval of Interacting
Genes/Proteins; https://string-db.org) was utilized to examine protein-
protein interaction (PPI) of predicted CnARFs and other related proteins.
Date palm (P. dactylifera) was selected as a query organism, and the PPI
network was constructed with a confidence score of at least 0.400 and
the interaction was displayed in Cytoscape.

2.5. Imposition of abiotic stresses and treatment with growth regulators

Expression analysis of CnARFs in mature zygotic embryos, under
imposed abiotic stresses, was undertaken as described below. Briefly,
zygotic embryos, along with coconut endosperm, in the form of endo-
sperm cylinders, were removed using a cork borer from the split-open
matured nuts of CGD palms grown at the Experimental Farm, ICAR-
CPCRI, Kasaragod, Kerala, India (12°31'41.1”N, 74°58'06.9"E). The
endosperm cylinders, containing the embryos, were washed thrice in
distilled HoO and further surface sterilized with 0.01% HgCl; for 3 min.
The traces of HgCl, were washed again by rinsing the treated cylinders
with sterile distilled HoO thrice. Embryos were removed from endo-
sperm cylinders using a sterile scalpel, under aseptic conditions, and
sterilized with 20% sodium hypochlorite solution for 20 min, followed
by rinsing 4-5 times with sterile distilled H,O. Sterile embryo explants
were initially cultured in Y3 basal medium (Eeuwens, 1976) to which
3% (w/v) sucrose and 0.1% (W/V) activated charcoal were added. The
cultures were maintained under complete darkness at 26 °C. The
composition of Y3 medium is in provided in Supplementary File 1. After
30 days, 100 embryos with uniform growth and weight were selected
and were exposed to temperature, osmotic stresses and growth regulator
treatments.

For growth regulator treatments, freshly prepared working solutions
of abscisic acid (ABA; 100 pM and 200 pM), salicylic acid (SA; 100 pM
and 200 pM), cyclodextrin (CD; 50 pM and 100 pM), indole-3-acetic acid
(IAA; 10 pM and 20 pM) and 2, 4-dichlorophenoxy acetic acid (2,4-D;
74.66 pM) were added to the Y3 medium. To impose osmotic stress,
embryos were exposed to PEG 6000 [10% (w/v) and 20% (w/v)], NaCl
(150 pM and 300 pM) and mannitol (100 pM and 200 pM) treatments,
which were supplemented in the Y3 medium. Embryos were also sub-
jected to heat stress (42 °C) and cold stress (4 °C). The test samples were
collected at 4, 12, 18, and 24 h after the imposition of hormone treat-
ment; whereas, embryos subjected to osmotic and temperature stresses
were sampled at 1, 3, 5, and 7 days after the treatments. The samples

Plant Gene 28 (2021) 100344

were flash-frozen in liquid nitrogen for RNA extraction and gene
expression profiling studies.

2.6. Total RNA extraction and cDNA synthesis

Total RNA was extracted from the frozen embryos and inoculated
leaflets, sampled at specific time intervals after imposition of treatments,
using NucleoSpin® RNA Plant kit (Macherey-Nagel) following the
manufacturers’ instructions. To check the quantity and quality of iso-
lated RNA, samples were subjected to a 1% agarose gel electrophoresis,
and RNA integrity number (RIN) was examined using an Agilent Tech-
nologies 2100 Bioanalyzer using the Agilent RNA chip. Reverse tran-
scription of total RNA was accomplished utilizing the Prime Script 1st
strand cDNA Synthesis Kit (Takara). The concentration of cDNA was
quantified by spectrophotometric measurement (ND-1000 Nano Drop
technologies).

2.7. Quantitative reverse transcription PCR (qRT-PCR) and expression
analysis

Initially, PCR primer sets were designed for 20 CnARFs using Pri-
mer3web version 4.1.0 server (http://primer3.ut.ee/). The primers for
the selected CnARFs were designed with minor modifications to the
default parameters of the Primer3web (melting temperature: 51-62 °C,
primer length: 19-25 nucleotides, product size: 80-160 bp and GC
content: 40-55%). The quality and specificity of the designed primers
were determined by gel electrophoresis. From the total of 20 primer sets,
only 10 primer pairs, producing single discrete bands were finally
selected for expression profiling using qRT-PCR. Supplementary File 2
lists the primer sequences.

The expression patterns of RNA transcripts were quantified utilizing
the Step One Real-Time PCR System (Applied Biosystems). The reaction
cocktail comprised of 50 ng of diluted cDNA as the template, 5 pl of
Power SYBR Green PCR Master Mix (Applied Biosystems) and 2 pl of
sequence-specific primers and the final reaction mixture was made up to
a total volume of 10 pl by adding nuclease-free water. All the qRT-PCR
analysis was performed with two biological replicates and three tech-
nical replicates. The PCR program was as follows: 95 °C for 10 min,
followed by 40 cycles of 95 °C for 155, 55 °C for 1 min. Amplification of
coconut elongation factor-1 alpha (EF-1c0) gene was taken as the in-
ternal control (Xia et al., 2014; Rachana and Rajesh, 2019). The relative
fold change in gene expression was computed using the 2"22¢T method
(Livak and Schmittgen, 2001). Statistical analysis was performed using
SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). Single sample t-test (P
< 0.05) was employed for the calculation of the significant differences in
the relative expression of specific CnARFs between the control and
treated samples. Expressional fold-changes greater than 2 (P-value of
<0.05) were considered as the up-regulated genes and fold changes of
0.5 or less was used to define genes which were down-regulated genes
(P-value of <0.05).

3. Results
3.1. Genome-wide identification of coconut ARFs

Initially, a total of 117 candidate ARFs (CnARFs) were predicted in
the dwarf coconut (CGD) genome using a combination of BLAST
searches, HMM profiling and domain analysis approach. After filtering
out the redundant sequences and isoforms, a total of 20 potential ARFs
were identified in the CGD genome. The nomenclature of ARFs in this
study is based on the homology among EgARF (ARFs from oil palm),
PdARF (ARFs from date palm) and CnARF as the confirmed ARFs of
coconut were derived from the model data set consisting of oil palm and
date palm ARFs. The details of these 20 CnARFs, including gene name,
ORF length, features of introns, location of specific domains, and poly-
peptide characteristics are enlisted in Table 1. Further, validation of all
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Table 1
Information of ARF family genes in coconut.
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SL Coconut ARF No. of ORF Predicted peptide Position of B3 Position of ARF Position of Aux/IAA Iso-electric Molecular weight
no. genes exons (bp) length (aa) domain domain domain point (Da)

1. CnARF1 11 2385 475 173-267 261-325 404-435 5.00 53,170.74
2. CnARF2 13 2319 773 123-224 249-331 664-773 6.40 86,780.48
3. CnARF3 12 2295 764 123-190 215-297 628-722 6.70 85,086.07
4. CnARF4 12 2394 650 170-271 295-375 505-527 6.17 71,362.21
5. CnARF5 12 1713 570 128-223 216-281 497-537 5.72 63,495.29
6. CnARF6 11 1590 600 41-141 167-249 459-562 6.16 66,881.39
7. CnARF7 12 1848 615 83-183 209-263 444-597 6.13 68,552.81
8. CnARF8 6 663 353 45-105 154-233 275-319 6.63 39,702.35
9. CnARF9 12 2190 729 53-154 179-262 623-718 5.87 81,871.20
10. CnARF10 12 2190 729 53-154 179-262 623-718 5.87 81,871.20
11. CnARF11 9 1779 593 44-145 171-251 - 8.41 65,868.90
12. CnARF12 13 2001 666 58-159 184-265 - 8.74 74,148.09
13. CnARF13 2 954 802 - 9-91 707-785 5.83 89,756.47
14. CnARF14 12 2283 829 112-213 238-321 - 6.41 92,440.84
15. CnARF15 15 2685 894 123-224 249-332 755-847 6.31 98,873.10
16. CnARF16 2 2055 684 125-226 295-378 619-656 6.61 74,463.47
17. CnARF17 8 1302 615 83-183 209-263 444-597 6.13 68,552.81
18. CnARF18 15 2742 1153 128-247 272-355 1013-1083 8.14 128,492.82
19. CnARF19 15 2844 1125 128-229 254-337 990-1077 6.75 125,280.41
20. CnARF20 11 2169 722 81-148 173-255 586-680 7.11 80,402.79

the predicted ARF protein sequence was undertaken using the
Conserved Domain Database and Pfam protein motif analyses. The
length of the deduced CnARF proteins markedly varied from 353 amino
acids (CnARF8) to 1153 amino acids (CnARF18). The corresponding
molecular weight varied from 39,702.35 Da (CnARF8) to 128,492.82 Da
(CnARF18) with the predicted isoelectric point in the range of 5.00
(CnARF1) to 8.74 (CnARF12) suggesting differential sub-cellular
domain function (Table 1).

3.2. Molecular phylogeny, conserved domains and protein structure of
CnARFs

The evolutionary analysis of CnARFs, along with EgARFs and
PdARFs, and phylogeny reconstruction revealed that all the ARF genes
clustered into three major classes viz., I, II and III, with each class, in
turn, subdivided into two subgroups, ‘A’ and ‘B’ (Fig. 1). Class I
comprised of 16 members (including seven from coconut), Class II had
10 members (including four from coconut), and Class III comprised a
total of 19 members (including nine from coconut). Moreover, a total of
13 sister pairs were documented in the phylogenic plot, with proteins
that clustered together with high bootstrap value (>65%) being

Fig. 1. Phylogenetic studies of ARFs from coconut, oil palm
and date palm, carried out employing the Neighbor-Joining
(NJ) method. The phylogenetic tree was generated by using
MEGAX software and the reliability of the phylogenetic tree
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considered as sister pairs (four pairs of PAARF-CnARF, five pairs of
EgARF-CnARF, three pairs of EgGARF-PAARF and a pair of CnARF-
CnARF). The global phylogenetic tree, created utilizing the Maximum
Likelihood method, to show the relationship of CnARFs with select plant
species, is provided as Supplementary File 3.

Analyses of exon/intron distribution and conserved motifs are
imperative to explore the structural evolution and functional diversity
among the CnARFs of coconut. Coding sequences of CnARFs are inter-
rupted by the introns. The exon number varied from 2 to 15 (Fig. 2). The
exon/intron distribution pattern was found to be quite similar among
some of the sister pair in the phylogenetic tree. The conserved motifs in
coconut ARFs, analyzed using MEME algorithm, divulged nine
conserved motifs in coconut ARFs (Fig. 3) and all of them could be an-
notated using the Pfam. Motifs 1 and 2 were identified as B3 DNA
binding domain, which specifically recognizes and binds the auxin-
responsive element (AuxRE) at the promoter region of the auxin-
responsive genes. Motifs 6, 9 and 3 correlated with the ARF domain.
The ARF domain can vary according to the amino acid composition of
the middle region, and it largely determines the uniqueness of ARFs. The
CTD domain (domain III/IV) was identified by motifs 5 and 7. Overall,
the MEME analysis revealed that 16 (of Classes I, IT and III) among the 20
CnARFs possessed all the three principal domains (amino-terminal DNA
binding domain with plant-specific B3 type sub-domain, an ARF sub-
domain and an AUX /IAA sub-domain) characteristic of all the ARF
proteins. Interestingly, three CnARFs genes possessed only B3 and ARF
domains, suggesting that 15% of CnARFs lacked CTD. Since the middle
region (MR) of ARFs showed maximum variation compared to the other
two domains, the amino acid configuration of the middle region was
analyzed using MEGAX and BoxShade (Supplementary File 4). Presence
of glutamine (Q) enriched zone was observed among the five CnARFs
(CnARF2, CnARF3, CnARF7, CnARF17 and CnARF20). Functional di-
versity of the remaining CnARFs can be interpreted based on the char-
acteristics of the CTD domain and MR domain. A total of 12 ARFs with
CTD and three without CTD possessed an abundance of amino acids
residues such as serine (S), proline (P), glycine (G) and leucine (L) in
their MR region (Supplementary File 5).
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3.3. Interaction network of CnARF family

The CTD domain of ARFs exhibits a strong propensity for dimer
formation with other cellular proteins (specifically AUX /IAA) and also
between the ARFs. The interaction network analysis involving ARFs and
other cellular components using the online STRING algorithm disclosed
nine interactive proteins with a high confidence score greater than
>0.04. The functional partners of ARF family network in coconut are
IAA10, IAA16, IAA1, IAA30, MYB44, Aux22D, KAN4, BHLH79 and AP2
(Table 2, Fig. 4). Moreover, IAA30, IAA1 and CnARF18 were found to be
connected with several other ARFs and transcription factors, placing IAA
at the core of the interaction network. The interaction network of
CnARF18, CnARF14 and CnARF15 were not only limited to IAA, but it
extended to other ARFs.

3.4. Expression profiling of CnARFs in zygotic embryos after imposition of
osmotic stress

Expression of CnARFs was studied in coconut zygotic embryos sub-
jected to osmotic stresses for 1, 3, 5 and 7 days post-treatment. CnARF4
was significantly induced under osmotic stresses. Expression of six
CnARFs (viz., CnARF5, CnARF8, CnARF9, CnARF13, CnARF14 and
CnARF18) were markedly down-regulated at all the time periods tested
following PEG 6000, NaCl and mannitol treatments. Though, the re-
sponses were not linear with time intervals, CnARF6, CnARF12, CnARF4
and CnARF10 were up-regulated at some point of treatment whereas
CnARF6 and CnARF12 showed mixed responses. All the other CnARFs
were suppressed, indicating that the response of CnARFs to osmotic
stresses might be complex (Fig. 5).

3.5. Expression of CnARFs under induction of temperature stress

All CnARFs, except CnARF8 and CnARF12, showed up-regulation
following heat or cold treatments. However, the responses were not
sequential with the exposure time periods in both treatments. Interest-
ingly, all CnARFs responded similarly at 24 h after treatment (HAT) with
significant down-regulation. CnARF9 up-regulated to the tune of 4 and
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Fig. 2. Phylogenetic relationships and exon-intron architecture of CnARFs. (A) Phylogenetic relationship among CnARFs (B) exon-intron architecture of CnARFs. The

exons and introns are depicted as boxes and lines, respectively.
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Fig. 3. Phylogenetic relationships and conserved motifs of CnARFs. (A) Phylogenetic relationship among CnARFs (B) Conserved motif analysis of CnARFs. Different
motifs are depicted by specific color, and the particulars of the conserved motifs are shown.

Table 2

Proteins in P. dactylifera, A. thaliana, Z. mays and O. sativa which appear to match the query CnARFs. The STRING parameters of closest proteins, identity percentages
and bit scores are provided.

SL Coconut Phoenix dactylifera Arabidopsis thaliana Zea mays Oryza sativa
no.  ARFs STRING protein ~ Identity  Bit STRING Identity  Bit STRING Identity  Bit STRING Identity  Bit
score protein score protein score protein score
1. CnARF1 XP_008808072.1  51.3 642.9 ETT 53.7 414.5 103,630,727 55.1 448.7 ARF15 55.2 453
2. CnARF2 XP_008776920.1  88.6 1390.2  ARF2 56.9 803.1 100,274,571 59.5 828.2 ARF4 60.6 853.2
3. CnARF3 XP_008811924.1 78.9 1303.1 ARF2 52.1 730.3 100,274,564 52.2 722.2 ARF24 50.4 731.5
4. CnARF4 XP_008783126.1 73 1034.2 ETT 63.7 520.8 103,630,727 57.5 563.5 ARF15 57.7 575.1
5. CnARF5 XP_008795276.1  81.2 959.1 At1g59750 54 628.6 arftf36 62.3 672.9 ARF7 61.7 701.8
6. CnARF6 XP_008786460.1  88.7 1009.6  At1g59750 65.5 709.5 arftf36 69.4 740 ARF7 70.2 795.4
7. CnARF7 XP_008808096.1 76.5 978 ARF9 51 579.3 103,646,418 50.5 529.3 ARF1 49.2 563.9
8. CnARF8 XP_008807235.1  40.4 406.8 ARF18 37.3 325.1 103,646,418 31.3 255.4 ARF7 31.4 255.8
9. CnARF9 XP_008813049.1  90.3 1308.9  ARF8 59.1 805.8 arftf3 69.4 991.5 ARF12 70.2 979.9
10. CnARF10 XP_008813049.1 90.3 1308.9 ARF8 59.1 805.8 arftf3 69.4 991.5 ARF12 70.2 979.9
11. CnARF11 XP_008808072.1  91.3 1100.5 ETT 66.1 434.5 103,630,727 53.4 581.6 ARF15 54.5 586.3
12. CnARF12 XP_008798266.1  88.4 1073.2 ETT 65.9 453.8 103,630,727 53.3 599 ARF15 55.3 617.8
13. CnARF13 XP_008792838.1  83.1 1012.3  ARF19 51.8 495.4 ARF27 62.7 680.6 0sJ_005181 44.5 380.9
14. CnARF14 XP_008794474.1  93.3 1452.2  ARF6 68.7 988.4 ARF16 67.3 1000 ARF6 68.4 1043.1
15. CnARF15 XP_008777704.1  89.1 1574.7  ARF6 65.6 1099 ARF16 67.4 1140.6  ARF17 70.8 1201
16. CnARF16 XP_008785274.1 95 1339.7  ARF16 57.8 717.6 ARF2 63.7 840.9 ARF18 66.8 883.2
17. CnARF17 XP_008808096.1 76.5 978 ARF9 51 579.3 103,646,418 50.5 529.3 ARF1 49.2 563.9
18. CnARF18 XP_008798163.1  91.5 16359  ARF19 49.9 755 arftf20 67.1 1113.6  0sJ_005181 64.6 1120.5
19. CnARF19 XP_008801434.1  89.7 1733 ARF19 51 833.6 arftf20 67.1 1192.2 0sJ_005181 66.7 1221.1
20. CnARF20 XP_008811924.1 74.4 1196.4  ARF2 51.4 654.8 100,274,564 50.9 655.6 ARF24 48.9 666.8

3.5 folds in heat and cold treatments, respectively. Also, expression of 3.6. Expression profiling of CnARFs in zygotic embryos following growth
CnARF4 and CnARF6 were enhanced after 4-12 HAT when subjected to regulator treatment

high-temperature treatment, whereas CnARF13 and CnARF10 were up-

regulated only at 12 HAT (Fig. 6).

Molecular responses of 10 CnARFs to external auxin stimuli,
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Fig. 4. Association network among closest BLAST hits of Phoenix dactylifera, Arabidopsis thaliana, Oryza sativa and Zea mays resulting from CnARF proteins used as

query in multiple sequences in STRING.

(a) P. dactylifera: Nodes (nos.) = 21, Edges (nos.) = 38, Node degree (average) = 3.62, Local clustering coefficient (average) = 0.113, Number of edges (expected) =
5, and PPI enrichment P-value of <1.0e '°. (b) A. thaliana: Nodes (nos.) = 19, Edges (nos.) = 50, Node degree (average) = 5.26, Local clustering coefficient
(average) = 0.571, Number of edges (expected) = 11, and PPI enrichment P-value of <1.0e7'°. (¢) 0. sativa: Nodes (nos.) = 20, Edges (nos.) = 36, Node degree
(average) = 3.6, Local clustering coefficient (average) = 0.476, Number of edges (expected) = 10, and PPI enrichment P-value of <3.52¢71° (@) z mays: Nodes
(nos.) = 20, Edges (nos.) = 53, Node degree (average) = 5.3, Local clustering coefficient (average) = 0.291, Number of edges (expected) = 10, and PPI enrichment P-

value of <1.0e~1°,

following treatment of zygotic embryos with IAA and 2,4-D, revealed
that two CnARFs (viz., CnARF6 and CnARF12) were up-regulated within
4 h after treatment (HAT) with 10 pM/ 20 pM of IAA and the peak
expression was maintained till 18 HAT, after which the expression
ceased. Eight CnARFs (viz., CnARF5, CnARF8, CnARF9, CnARF13,
CnARF14, CnARF18, CnARF4 and CnARF10) were found to be sup-
pressed across all the time points following IAA treatment. On the other
hand, two genes, CnARF10 and CnARF13, were significantly induced by
2, 4-D and the expression level of CnARF10 declined at 24 HAT. Among
the down-regulated genes, CnARF8 and CnARF14 were constantly sup-
pressed during 4, 12, 18 and 24 HAT whereas CnARF13 which did not
undergo any remarkable change until 18 HAT was distinctly induced at
24 HAT (Fig. 7).

Surprisingly, none of the 10 CnARFs was induced following the
application of ABA. Among the suppressed ARFs genes, six (viz.,
CnARF5, CnARF8, CnARF9, CnARF13, CnARF14 and CnARF18) were
found to be significantly down-regulated at all the time points. Also, a
few CnARFs showed a similar kind of expression pattern after treatment
with SA and CD. ARFs such as CnARF5 and CnARF6 showed induced
expression only at 12 HAT, whereas CnARF12 and CnARF10 showed
little change in expression till 18 HAT and were fully suppressed at 24

HAT with ABA. Conspicuously, five genes (viz., CnARF8, CnARF9,
CnARF13, CnARF14 and CnARF18) were down-regulated during the
time period studied under SA and CD treatment (Fig. 7).

4. Discussion

Coconut (Cocos nucifera L.) is an important perennial crop grown in
the tropical and sub-tropical regions of the world. Almost every part of
the coconut tree is utilized by rural communities (Arunachalam and
Rajesh, 2008, 2017). The phytohormone auxin governs various devel-
opmental processes and plants’ response to the adverse environmental
conditions by altering a set of auxin-responsive genes. These auxin-
dependent cellular signaling pathways are mediated through a class of
TFs called ARFs (Guilfoyle and Hagen, 2007; Di et al., 2016; Guilfoyle,
2015). Genome-wide characterization and expression profiling of ARFs
in model species such as Arabidopsis (Okushima et al., 2005), Medicago
truncatula (Shen et al., 2015), annual crops of economic importance such
as Oryza sativa (Wang et al., 2007), Zea mays (Xing et al., 2011), Lyco-
persicum esculentum (Zouine et al., 2014), Cicer arietinum (Die et al.,
2018) and perennials namely Citrus sinensis (Li et al., 2015), Musa
acuminate (Hu et al., 2015), Jatropha curcas (Tang et al., 2018), Prunus
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Fig. 5. Expression profiles of 10 CnARFs in coconut zygotic embryos after imposition of osmotic stresses. T1 to T6 corresponds to different treatments (T1: PEG
6000-10% (w/v); T2: PEG 6000-20% (w/v); T3: NaCl-150 pM; T4: NaCl-300 pM; T5: mannitol-100 pM; T6: mannitol-200 pM). Number of days intervals were
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error of mean. Vertical bars denoted with “D” and “U” represents down-regulation and up-regulation during treatment exposure according to single sample t-test.
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sibirica (Niu et al., 2018) and Litchi chinensis (Zhang et al., 2019), un-
derlines the molecular significance of this important class of TFs in the
plant kingdom. Though coconut is adapted to grow in wide environ-
mental conditions (Ramesh et al., 2020), the molecular adaptive re-
sponses of this palm towards external stresses largely remain unexplored
until now. In particular, investigations about the coconut TFs are in
nascent stage partly ascribed to its relatively deprived/inadequate
genomic resources. In this backdrop, we explored the role of CnARFs in
response to various abiotic stresses and to delineate its major structural
characteristic features and evolutionary relationships with related palm
species.

We used the genomic resource of in-house generated whole-genome
sequence of a dwarf coconut cultivar Chowghat Green Dwarf (CGD)
(Rajesh et al., 2020) to investigate the ARFs of this economically
important palm. A total of 20 ARF gene family members were detected
from the CGD genome which is comparable to that of Citrus sinensis (19)
(Li et al., 2015) and Brachypodium distachyon (19) (Liu et al., 2018a),
Arabidopsis (23) (Okushima et al., 2005), and O. sativa (25) (Wang et al.,
2007). In contrast, the expanded gene members of ARFs documented in
Musa acuminate (47) (Hu et al., 2015), Brassica napus (67) (Wen et al.,
2019) and Triticum aestivum (52) (Gidhi et al., 2020); could imply that
coconut genome has not undergone an extensive duplication and
diversification event during its early evolution stage.

Analysis of molecular evolutionary relationships among the ARFs of
related palm species divulged the close proximity of CnARFs with that of
date palm and oil palm. Furthermore, the discovery of a large number of
sister pairs of ARFs among the three palms reinforces the phylogenetic
proximities of coconut with oil palm and date palm, which corroborates
the traditional view of evolutionary lineage of palms (Barrett et al.,
2019). Additionally, phylogeny construction utilizing the full-length
protein sequences of CnARFs illustrated three distinct classes (Class I
through Class III) characteristics of palm families. Unlike the ARFs
characterized in Arabidopsis (Okushima et al., 2005), O. sativa (Wang
et al., 2007), G. max (Van Ha et al., 2013), L. esculentum (Zouine et al.,
2014), T. aestivum (Gidhi et al., 2020) and E. guineensis (Jin et al., 2021),
which showed four distinct clades in their phylogenetic classification,
ARFs of coconut could be categorized into three classes. The irregularity
in the pattern of branch distribution observed in Class I, IT and III of the
evolutionary tree suggests molecular diversity. The unusual branch
length displayed by CnARF16 of Class II could be attributed to the
prolonged period of gene differentiation.

Structural genomic analysis of CnARFs revealed a great number of
exons (2-15) compared to that of C. sinensis (2-14) (Li et al., 2015),
J. curcas (3-14) (Tang et al., 2018), L. chinensis (2-16) (Zhang et al.,
2019) and E. guineensis (2—13) (Jin et al., 2021). Nonetheless, scrutiny
of M. acuminate ARFs showed a remarkable number of exons (5-21)
exemplifying the wide structural variation and suggesting the significant
genome change during its evolution (Hu et al., 2015). The conserved
exon-intron structure shared between the sister-pairs of ARFs further
lends credence to the phylogenetic relationship among the palms.
Similarly, conserved exon-intron structures among the same families of
ARFs not only supported their evolutionary relationship but also
corroborated their molecular classification (Tang et al., 2018; Wen et al.,
2019).

Furthermore, analysis of the conserved motifs indicated that CnARFs
belonging to the same class might possess similar regions. Functional
domain analysis of CnARF proteins was performed in light of the fact
that a typical ARF protein comprises a conserved N-terminus DBD, a
variable MR, and C-terminus dimerization domain (CTD) (reviewed in
Weijers and Wagner, 2016). Even though all the CnARFs described in
this report have a distinct DBD suggesting their prominence in the
cellular signal transduction processes, a considerable fraction of CnARFs
(15%) were characterized with the truncated CTD. This proportion of
truncated CTD among CnARFs is relatively less than those in Arabidopsis
(17.39%), B. rappa (22.58%), B. distachyon (23%), O. sativa (24%),
L. esculentum (28.57%), M. acuminate (28%) and L. chinensis (41%) (Li
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et al., 2015; Zhang et al., 2019). Nevertheless, the relative preponder-
ance of truncated CTD among the CnARFs suggests their functional
incompetence to respond to auxin and numerous auxin-responsive
genes. It is also pertinent to recognize that truncated CTD could func-
tionally influence the interaction of other TFs with ARF (Li et al., 2016).
Evidence also revealed that the composition of amino acids of MR
domain is decisive for its action as an activator or a repressor (Tiwari
et al., 2003). Five members of CnARFs have glutamine-rich (D) MRs
implying their potential role as the activators of transcription since an
abundance of glutamine is a hallmark of ARF activators in all plant
lineages. In contrast, a greater proportion of CnARFs (15) showed the
abundance of amino acids residues such as serine (S), proline (P),
glycine (G) and leucine (L) in their MR region suggesting their principal
role as transcriptional repressors. Similarly, structural domain analysis
of ARFs has documented the dominance of repressor ARFs over the ac-
tivators in tea (Xu et al., 2016), allopolyploid species B. napus (Wen
et al., 2019), and J. curcas (Tang et al., 2018). The output from the
network analysis shows numerous protein-protein interactions between
CnARF and AUX/IAA, which accentuates the prominent role of ARF in
the auxin signaling pathway (Fig. 6).

Transcript expression profiling can aid in screening for candidate
CnARFs possessing potentially distinct functions. A remarkable down-
regulation of CnARFs was observed following induction of various os-
motic stresses (PEG 6000, NaCl and mannitol) (Fig. 7). However,
CnARF4 was found to be significantly up-regulated during osmotic stress
implying the complex and intriguing interplay of ARFs and other stress
components in coconut. Investigations delineating the molecular
mechanisms underlying phytohormone auxin and osmotic stress cross-
talk in the leaves of Arabidopsis suggest that moderate concentration
levels of auxin induce leaf growth, whereas, at higher concentrations,
the inhibitory effect was documented. Furthermore, the genetic regu-
lation of auxin-induced proliferation of leaves during osmotic stress
suggests the prominence of auxin-dependent transcriptional regulation
(Kalve et al., 2020). In contrast, the majority of the CnARFs were up-
regulated following the cold or heat treatments. Similar observations
were made in previous studies in rice by Du et al. (2012, 2013); it was
reported a substantial increase in endogenous auxin levels in response to
heat and cold stresses, but decrease in response to drought stress.

Transcript abundance studies of CnARFs in response to exogenous
auxin stimuli revealed that CnARF6 and CnARF12 were significantly up-
regulated within 4 h after treatment (HAT) and the expression continued
till 18 h after treatment when embryos were treated with IAA. Even
though two ARF gene members viz., CnARF10 and CnARF13 are
simultaneously induced by the synthetic auxin, 2, 4-D, the differences in
their expression profile suggests the functional diversity of CnARFs. On
the contrary, most of ARFs in B. distachyon (BdARFs) were up-regulated
following auxin treatment-irrespective of their nature and also exhibited
a homologous expression pattern when physiologically similar phyto-
hormones were administered (Liu et al., 2018a). A similar induction of
ARFs following auxin treatment was reported in M. truncatula (Shen
etal., 2015) and Z. mays (Xing et al., 2011). Nevertheless, the expression
pattern appears to be consistent with the reports depicting that most
ARFs are suppressed in the presence of auxin in woody plants (Yu et al.,
2014; Li et al., 2015; Xu et al., 2016). The most apparent reason for this
observation could be the difference in the regulatory mechanism of
these genes in herbaceous and woody plants. Furthermore, only two
members of CnARF family viz., CnARF5 and CnARF6 were stimulated in
response to SA and CD treatment, and none of the 10 CnARFs genes was
induced following the application of ABA. Liu et al. (2018a) had re-
ported induction of ARFs in leaves of B. distachyon following exogenous
application of ABA. ABA has been reported to participate in the regu-
lation of tolerance of plants to various abiotic stressors (Raghavendra
et al., 2010). Plants perceive the modulations in the external conditions
and respond to those stimuli by activating phytohormone-mediated
pathways (Park, 2007). For instance, accumulation of auxin due to an
external stressor results in the induction of hormones such as ABA and
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Fig. 7. Temporal variations in expression profiles of 10 CnARFs in coconut zygotic embryos in response to growth regulator treatments. T1 to T9 corresponds to
different treatments (T1: ABA-100 pM; T2: ABA-200 pM; T3: SA-100 pM; T4: SA-200 pM; T5: CD-50 pM; T6: CD-100 pM; T7: IAA-10 pM; T8: IAA-20 puM; T9: 2, 4-D-
74.66 pM). The treatment exposure time intervals are represented by Al - A4 (Al: 4 h; A2: 12 h; A3: 18 h; A4: 24 h). Each value is a mean of six replications and
represented with standard error of mean. Vertical bars denoted with “D” and “U” represents down-regulation and up-regulation during treatment exposure according
to single sample t-test.
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other metabolic pathways leading to the upregulation of defense-related
genes namely C-repeat/dehydration-responsive element-binding factors
(CBFs) or responsive to dehydration (RDs) among others (Rock and Sun,
2005; Park et al., 2007). ABA amends the activity of auxin signaling
pathway in embryos, thereby reinforces the effect of auxin in repressing
the elongation of the embryonic axis. It is accomplished by down-
regulating the AUXIN INDUCIBLE (Aux/IAA) gene AXR2/IAA7 which
plays a pivotal role in ABA- and auxin-dependent morphogenesis in the
post-germinative growth and development of plants (Belin et al., 2009).
Application of auxin regulates the numerous metabolic pathways which
are involved in seed secondary dormancy and seed germination. Of
particular interest is that auxin-mediated seed dormancy is implicated in
epigenetic regulation, thereby enhancing methylation of genomic re-
gions (Matilla, 2020). Thus, this investigation provides a relatively less
explored dimension of auxin-mediated transcriptional regulatory con-
trol in the seed dormancy and germination processes. In support of our
observation, a complex molecular cross-talk between the phytohor-
mones and external stresses such as drought and osmotic stress was
proposed based on the expression profile of tea ARFs (Xu et al., 2016).

Molecular insights from many studies delineating somatic embryo-
genesis in E. guineensis (Ooi et al., 2012), the fruit abscission in L. chi-
nensis (Zhang et al., 2019), fruit setting in L. esculentum (Zouine et al.,
2014), mesocarp and kernel development in P. sibirica (Niu et al., 2018)
and fruit development in conjunction with NAA treatment in Fagopyrum
tataricum (Liu et al., 2018b), have further highlighted the functional
versatility of ARF proteins in plant growth and developmental path-
ways. The observations made in this study convincingly suggest that
ARFs, via their modulation of the spatio-temporal expression pattern of
stress-responsive genes, could act as potential players capable of miti-
gating the adverse effects of various stresses in coconut.

5. Conclusions

ARFs have been associated with a repertoire of plant growth and
developmental processes and stress-adaptation responses. In this study,
a total of 20 CnARFs were categorized by genome mining of a dwarf
coconut cultivar. Insights on the evolutionary characteristics of CnARFs
could be elucidated via identification of conserved motifs, intron-exon
structure and phylogenetic analysis of palm ARFs. Expression profiling
of CnARFs, in response to the imposition of osmotic and temperature
stresses and growth regulators, provided valuable cues on the tran-
scriptional regulation and involvement of specific CnARFs in coconut
auxin-signaling cascades. Additionally, protein-protein interaction
analysis elucidated the relationships of CnARFs and its interacting
partners, at the transcriptional level. The results obtained present novel
perceptions into the organization of coconut ARF family, and lead the
way for the breeding of climate-smart coconuts.
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