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Abstract

Background The auxin/indole-3-acetic acid (Aux/IAA) gene family is a crucial element of the auxin signaling
pathway, significantly influencing plant growth and development. Hence, we conducted a comprehensive
investigation of Aux/IAAs gene family using the Sp75 and Monoe-Viroflay genomes in spinach.

Results A total of 24 definitive Aux/IAA genes were identified, exhibiting diverse attributes in terms of amino acid
length, molecular weight, and isoelectric points. This diversity underscores potential specific roles within the family,
such as growth regulation and stress response. Structural analysis revealed significant variations in gene length and
molecular weight. These variations indicate distinct roles within the Aux//AA gene family. Chromosomal distribution
analysis exhibited a dispersed pattern, with chromosomes 4 and 1 hosting the highest and lowest numbers of Aux/
IAA genes, respectively. Phylogenetic analysis grouped the identified genes into distinct clades, revealing potential
evolutionary relationships. Notably, the phylogenetic tree highlighted specific gene clusters suggesting shared
genetic ancestry and potential functional synergies within spinach. Expression analysis under NAA treatment unveiled
gene-specific and time-dependent responses, with certain genes exhibiting distinct temporal expression patterns.
Specifically, SpolAAS displayed a substantial increase at 2 h post-NAA treatment, while SpolAA7 and SpolAA9
demonstrated continuous rises, peaking at the 4-hour time point.

Conclusions These observations indicate a complex interplay of gene-specific and temporal regulation in response
to auxin. Moreover, the comparison with other plant species emphasized both shared characteristics and unique
features in Aux/IAA gene numbers, providing insights into the evolutionary dynamics of this gene family. This
comprehensive characterization of Aux/IAA genes in spinach not only establishes the foundation for understanding
their specific functions in spinach development but also provides a valuable resource for experimental validation and
further exploration of their roles in the intricate network of auxin signaling pathways.
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Background

Auxin, a pivotal phytohormone, plays a central role in
orchestrating fundamental processes throughout plant
development. Its multifaceted influence spans various
developmental stages across the entirety of the plant life
cycle [1-6]. The key players in the intricate pathway of
auxin signaling are the auxin/indole-3-acetic acid (Aux/
IAA) genes. This family of genes, recognized as primary
auxin-responsive entities, has been pivotal in unravel-
ing the molecular intricacies of plant growth regulation
[7, 8]. These proteins play a dual role in the orchestration
of auxin signaling. Under low-auxin conditions, Aux/
IAA proteins repress the activity of Auxin Response Fac-
tor (ARF) transcription factors. However, an increase in
auxin levels triggers the rapid degradation of Aux/IAA
proteins, thereby de-repressing ARF activity and facilitat-
ing a cascade of auxin-mediated transcriptional changes
[9-11]. Aux/IAA proteins, pivotal in the auxin signal-
ing cascade, exhibit a distinctive four-domain structure,
with each domain intricately contributing to their func-
tionality. Domain I, located at the N-terminus, is distin-
guished by a leucine repeat motif commonly denoted
as the ‘LxLxL’ motif. This motif serves as a repressor
domain, playing a crucial role in transcriptional control
and regulation [11]. In contrast, domain II, marked by its
high conservation, emerges as a linchpin in the delicate
balance of protein stability. Mutations in domain II can
significantly impact the half-life of Aux/IAA proteins,
influencing their rapid degradation under basal condi-
tions [12]. Domains III and IV, the less-explored but
equally significant constituents of Aux/IAA proteins,
enhance the multifaceted roles of these proteins. Domain
III is predicted to form a genuine protein structural
domain that can independently fold into a fa « structure.
This structural feature implies its potential sufficiency
for dimerization, a phenomenon crucial for the interac-
tion of Aux/IAA proteins with each other and ARF pro-
teins [11, 13]. Furthermore, Domain IV, positioned at
the C-terminus, is known to harbor a functional Nuclear
Localization Sequence (NLS) and likely contributes to
dimerization processes [14, 15]. The intricate interplay
between these four domains defines the dynamic nature
of Aux/IAA proteins in response to auxin stimuli. While
Domain I governs transcriptional repression, Domain II
ensures the swift degradation of these proteins. Domains
III and IV, through their structural and functional char-
acteristics, add an additional layer of complexity, orches-
trating the dimerization events critical for the subtle
regulatory actions of Aux/IAA proteins.

Evolutionary insights into Aux/IAA genes have been
investigated through genomic studies. Phylogenetic
analyses could trace the origins of Aux/IAA genes, illu-
minating the ancient roots of auxin signaling [16]. Posi-
tive selection in flowering plants, as evidenced by the
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Ka/Ks ratios among auxin signaling genes, underscores
their adaptive evolution and essential role in complex
auxin responses [17]. While functional studies in model
plants like Arabidopsis have highlighted the diverse roles
of Aux/IAA genes in plant development, the details of
their regulatory networks and functional redundancies
remain intriguing [18]. The genetic redundancy among
family members, often leading to a scarcity of loss-of-
function phenotypes, prompts further exploration into
the subtle roles and interplay of Aux/IAA proteins in
plant biology. Besides, advancements in genomic tech-
nologies have facilitated the comprehensive exploration
of the Aux/IAA gene family across diverse plant species.
Studies in model plants such as Arabidopsis thaliana
[19], rice [20], tomato [21], maize [22], and non-model
plants such as sorghum [23], poplar [24], Salix suchowen-
sis [25], and Prunus mume have contributed to the iden-
tification and annotation of Aux/IAA genes within their
respective genomes. Notably, the availability of complete
genome sequences, as exemplified in cucumber [26], has
been instrumental in advancing our understanding of the
entire Aux/IAA gene repertoire [27].

Spinach (Spinacia oleracea) is a widely cultivated leafy
green vegetable known for its nutritional value and culi-
nary versatility. Despite its agricultural importance,
there is a lack of information regarding the comprehen-
sive characterization and functional analysis of the Aux/
IAA gene family in spinach. In light of the pivotal roles
played by genes involved in auxin signaling in plant
growth and development, this study aims to address the
following objectives: (1) Systematic identification of Aux/
IAA genes in the spinach genome. (2) Characterization
of their sequence features, including conserved domains
and cis-regulatort elements. (3) The genomic distribu-
tion analysis of Aux/IAA genes in the spinach genome.
(4) Examination of the evolutionary relationships among
these genes to understand their origin and divergence in
land plants. (5) Expression Profiling of Aux/IAA genes in
various tissues and at different developmental stages of
spinach.

This research is unique and novel compared to exist-
ing studies on Aux/[AA genes in other plants as it rep-
resents the first comprehensive analysis of the Aux/IAA
gene family specifically in spinach. Unlike previous stud-
ies, which have primarily focused on model organisms
such as Arabidopsis, our investigation extends to spin-
ach and offers a comparative perspective with other veg-
etative species such as radish and lettuce. By employing
advanced genomic and bioinformatics techniques, this
study provides new insights into the sequence character-
istics, genomic distribution, and evolutionary history of
Aux/IAA genes in spinach.
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Results

Identification of the Aux/IAA gene family in spinach
genome

In the present investigation, we undertook a meticulous
approach to identify and characterize Aux/IAA genes in
spinach. Initially, a set of 35 candidate genes was identi-
fied using HMM. Subsequent refinement through the
SMART online tool, targeting the exclusion of genes
containing the B3 domain, led to the confirmation of
24 definitive Aux/IAA genes. Detailed analyses of these
genes were then conducted, encompassing crucial
parameters such as amino acid length, molecular weight,
and isoelectric point (Table 1). The results, presented in
Table 1, elucidate the diverse characteristics of the iden-
tified Aux/IAA genes. Noteworthy findings include the
variability in amino acid length, molecular weight, and
isoelectric point, indicative of functional diversity within
the gene family. According to the results, three genes,
SpoIAA17, SpolAA18, and SpolAA19, shared identical
sequences from Sp75 genome (Spo08496.1 IDs).

This suggests a possible repetition or redundancy
in the annotation or identification of these genes, as
they are linked to the same Sp75 ID. While the gene
names and physical positions on the genome were dis-
tinct for SpolAA17, SpolAA18, and SpolAA19, identi-
cal sequences and the shared Sp75 ID suggested a need
for further investigation or clarification in the gene
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annotation or identification process. Chromosomal dis-
tribution analysis revealed a dispersed pattern across
various chromosomes. Chromosome 1, for example,
hosts SpolAAl, characterized by a relatively moder-
ate amino acid length of 179, a molecular weight of
19238.65 Da, and an PI of 9.63. Meanwhile, Chromo-
some 6 accommodates SpolAA23, distinguished by an
extended amino acid sequence of 318, a higher molecular
weight of 34411.44 Da, and a PI of 5.95. Overall, chromo-
some 4 and 1 harbored the highest (11 genes) and low-
est (1 gene) number of Aux/IAA genes, respectively. The
variability among the identified Aux/IAA genes was fur-
ther underscored by the unique attributes of individual
genes. Notably, SpolAA6 stands out with an exception-
ally long amino acid sequence of 1099 and a correspond-
ingly high molecular weight of 120574.88 Da. In contrast,
SpolAA16 exhibits the smallest amino acid length (81)
and the lowest molecular weight (9198.09 Da) among the
identified genes. This range in gene length and molecular
weight implies functional diversity within the Aux/IAA
gene family, potentially indicative of specific roles and
interactions.

Gene structure and conserved motif analysis of SpIAA
genes

The future analysis aimed to assess and compare the char-
acteristics of coding sequences (CDS) and untranslated

Table 1 The list of Spo/AA genes along with pertinent details, including Gene Name, Gene ID, Chromosome (Chr), Physical position on
the genome, Amino acid length, Molecular weight (Da), Isoelectric Point (P1), and Sp75 ID

Gene Name GenelD Chr  Physical position on the genome  Amino acid length  Molecular weight (Da) Pl Sp751D
SpolAAT SOV1g012130.1 1 63,404,212-63,413,398 179 19238.65 963  Spo05025.1
SpolAA2 SOV2g010000.1 2 43,735,470-43,742,680 195 21990.85 9.07  Sp022004.1
SpolAA3 SOV2g016580.1 2 72,004,330-72,007,547 283 31254.83 531  Spo06464.1
SpolAA4 SOV2g019920.1 2 81,229,675-81,233,361 266 3076045 575  Spo04733.1
SpolAAS SOV3g014320.1 3 20,654,170-20,659,912 228 25680.6 6.03  Spo09456.1
SpolAA6 SOV3g019720.1 3 35,680,617-35,722,170 1099 120574.88 6.27 Spol18975.1
SpolAA7 SOV3g022300.1 3 44,669,081-44,673,585 237 26560.55 579  Spo15863.1
SpolAA8 SOV3g032050.1 3 89,788,073-89,789,001 160 18222.59 517 Spo00063.1
SpolAA9 SOV4g047550.1 4 169,187,727-169,190,366 117 13482.03 962 -

SpolAAT0 SOV4g048620.1 4 171,297,661-171,299,548 205 23517.75 575  Spo24603.1
SpolAATT SOV4g048640.1 4 171,364,558-171,370,743 186 20893.95 6.34  Sp024602.1
SpolAA12 SOV4g053610.1 4 180,195,128-180,199,147 339 36677.09 878  Spo03500.1
SpolAAT3 SOV4g057440.1 4 185,981,998-185,986,153 306 33386.25 6.83  Spo23123.1
SpolAAT4 SOV4g015600.1 4 36,291,989-36,295,417 288 31004.06 7.56  Spo08497.1
SpolAA15 SOV4g015640.1 4 36,558,016-36,559,400 183 207589 757 Spo08494.1
SpolAA16 SOV4g015670.1 4 36,636,966-36,637,963 81 9198.09 53 Spo08499.1
SpolAA17 SOV4g015680.1 4 36,644,049-36,645,068 167 19234.78 582  Spo08496.1
SpolAA18 SOV4g015720.1 4 36,980,450-36,981,473 167 19202.72 582  Spo08496.1
SpolAAT9 SOV4g015730.1 4 36,986,655-36,987,746 238 26898.61 439  Spo08496.1
SpolAA20 SOV5g017190.1 5 26,983,436-26,986,051 199 22076.16 643  Spo22710.1
SpolAA21 SOV5g002600.1 5 3,098,391-3,102,902 261 28367.5 865 Spo02286.1
SpolAA22 SOV5g002610.1 5 3,134,425-3,136,469 196 22013.64 58 Spo02371.1
SpolAA23 SOV6g033740.1 6 128,566,056-128,570,184 318 3441144 595  Sp023507.1
SpolAA24 SOV6g013400.1 6 54,504,687-54,508,462 226 25163.86 872 Spo22710.1




Imani Asl et al. BMC Genomics (2024) 25:567

regions (UTR) among Aux/IAA genes in spinach. The
investigation revealed notable variability in the num-
ber of exons, CDS regions, and UTR regions across the
gene set (Fig. 1). According to the results, the number
of exons in spinach Aux/IAA genes ranged from 3 to 15.
Specifically, gene number 6 (SpIAA6) exhibited the high-
est number of exons (15), whereas the lowest exon count
(3) was observed in SpIAA7 and 8. In terms of CDS
regions, the most extensive coding was identified in gene
number 6, while the least coding regions (2) were pres-
ent in SpIAAL, 2, 16, 17, 18, and 22. The analysis further
unveiled variations in UTR, with the highest number of
non-coding regions (11) observed in SpIAAL. In contrast,
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several SpIAA genes, including numbers 6, 7, 8, 20, and
24, displayed no UTR, indicating a distinctive structural
pattern. SpIAA5 exhibited a unique profile with only one
non-coding region.

Additionally, we used MEME software to identify five
fully conserved domains among Aux/IAA family mem-
bers in spinach, indicating functional similarities. The
analysis revealed variable numbers of motifs across dif-
ferent genes (Fig. 1). Notably, two motifs were identified
in SpolAA1l, SpolAA2, SpolAA5, SpolAA6, SpolAA7,
SpolAA16, while SpoIAA8 and SpolAA9 had one motif
each. SpolAA10, SpolAAll, SpolAA12, SpolAAl3,
SpolAA14, SpolAA20, SpolAA21, SpolAA24 exhibited
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Fig. 1 Gene structure and conserved motif analysis of spinach IAAs according to a phylogenetic relationship
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three motifs, while SpolAA15, SpolAA17, SpolAAI1S,
SpolAA19, and SpolAA22 had four motifs. Furthermore,
SpolAA23 displayed the presence of four motifs. The dif-
ferences in motif numbers among various Aux/IAA genes
show the variety in motif makeup, which might suggest
different functions within the auxin signaling process.
The examination of amino acid conservation within these
domains unveiled a high frequency of specific residues at
consistent positions across sequences, underscoring sig-
nificant conservation. These results highlighted the pres-
ence of conserved DDxxD and KR motifs in Aux/IAA
family members. Notably, the KR motif, containing lysine
and arginine, was universally shared by all domains,
accompanied by a conserved DDxxD motif upstream.
Further exploration of specific domains elucidated dis-
tinctive amino acid conservation patterns within the
KR motifs, emphasizing the importance of these motifs
in the structural and functional integrity of Aux/IAA
proteins.

Cis-elements in the promoters of Sp/AA genes

The regulatory landscape of IAA genes discovered from
spinach was investigated by analyzing cis-elements
in their respective promoter regions using the Plant-
CARE Database. An extensive analysis unveiled a wide
range of cis-elements linked to various biological pro-
cesses (Fig. 2). Notably, some elements were associated
with hormone responsiveness, such as CGTCA-motif,
TGACG-motif, TCA-element, and G-box, which were
abundant. These elements were mainly connected to
responses to abscisic acid (ABA) and methyl jasmonic
acid (MEJA) induced stresses. Furthermore, ABRE ele-
ments, recognized for their involvement in ABA respon-
siveness, were identified, indicating the participation of
IAA genes in ABA-mediated responses. Additionally,
elements related to environmental stresses, including
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ARE, GC-motif, TC-rich repeats, LTR, MSA-like, and
MBS, were found, with ARE and GC-motifs displaying
significant abundance and association with anaerobic
conditions. Moreover, developmental-related elements
like CAT-box, GCN4-motif, and O2-site were detected,
suggesting roles in meristem growth, endosperm devel-
opment, and zein metabolism. The identification of
circadian-related elements highlights the potential
engagement of JAA genes in circadian regulation, sug-
gesting their involvement in the plant’s rhythmic physi-
ological processes. In addition, cis-elements associated
with low-temperature responsiveness, such as LTR, were
also identified, indicating a potential role for JAA genes
in cold stress adaptation. Moreover, elements related
to light responsiveness, including MRE, Box-4, and
ATCT-motif, exhibited high representation, suggesting
their involvement in regulating IAA gene expression in
response to light cues.

Phylogenetic analysis of Aux/IAAs

The phylogenetic tree, constructed from the amino
acid sequences of Aux/IAA genes, revealed ten distinct
clades (Fig. 3), each representing a unique evolution-
ary lineage or grouping of Aux/IAA genes across rad-
ish (Rs), lettuce (Lsat), spinach (Spo), and Arabidopsis
(At). Notably, SpolAA2 demonstrated close evolution
to AtIAA31, suggesting a conserved lineage between
these genes. Additionally, a subclade comprising rad-
ish genes (RsIAA46 and RsIAA6), LsatIAA27, along with
AtIAA33, indicated a potential shared evolutionary his-
tory. Similarly, spinach-specific genes, such as SpolAA1
and SpolAA3, exhibited distinct placements within the
phylogenetic tree, suggesting shared evolutionary ori-
gins or potentially specialized roles within the auxin
response in spinach. Furthermore, SpolAA9, SpolAA17,
and SpolAA18, forming a well-defined clade, suggested
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Fig. 3 Phylogenetic tree of Aux/IAA proteins from spinach, Arabidopsis, radish and lettuce

either gene duplication events or functional conservation
among these spinach-specific genes. Likewise, SpolAA13
and SpolAA 14, positioned closely within the same clade,
displayed a consistent clustering pattern, implying shared
genetic ancestry and potential functional similarities.
This proximity in the phylogenetic tree indicated a more
recent divergence or a common evolutionary trajectory,
suggestive of a potential functional synergy in auxin
signaling pathways within spinach. Their juxtaposition
within the same clade underscored their close genetic
relationship, prompting further exploration into their
shared or distinct roles in spinach development, growth,
and responses to environmental stimuli. Furthermore,
the juxtaposition of SpolAA20, SpoIAA21, and SpolAA22
within the same clade underscored their interconnected
evolutionary history, justifying further exploration into
their contributions to spinach development, growth,
and responses to environmental cues. The unique posi-
tioning of SpolAA15 within the tree suggested specific

evolutionary adaptations or divergences, leading to its
distinct role within the auxin response network in spin-
ach. Consistently placing within its designated clade
implied a different evolutionary history with specific
Aux/IAA genes from other plant species, indicating
potential distinct functional or regulatory roles in auxin
signaling pathways.

Gene expression

The expression patterns of 24 SpolAA genes were inves-
tigated under the influence of NAA treatment at three
distinct time points (1 h, 2 h, and 4 h). The average
expression levels for each gene across three replicate sam-
ples at each time point are presented in Fig. 4. According
to the results, several genes exhibited distinct temporal
expression patterns. Notably, SpolAAS5 displayed a sub-
stantial increase in expression at 2 h post-NAA treat-
ment, followed by a moderate decrease at 4 h. In contrast,
SpoIAA7 and SpolAA9 demonstrated a continuous rise in
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Fig. 4 The expression profiles of SpolAAs in response to NAA treatment were evaluated through gRT-PCR analyses

expression levels, peaking at the 4-hour time point. These
observations suggest that the influence of NAA on gene
expression is both gene-specific and time-dependent.
Some genes, such as SpolAAI, SpolAA3, and SpolAA10,
showed a rapid response to NAA treatment with
increased expression at the 1-hour time point, suggesting
their involvement in the early stages of auxin signaling.
Conversely, genes like SpolAA11 and SpolAA13 exhibited
a transient response, with an initial increase at 1 h fol-
lowed by a decline at subsequent time points. This tran-
sient behavior implied a rapid but temporary modulation
of gene expression in these instances. On the other hand,
SpolAA1S and SpolAA17 displayed sustained increases
in expression levels, maintaining elevated levels through-
out the observation period. These genes may play roles in
mediating longer-term responses to auxin. While some
genes, such as SpolAA2 and SpolAA16, showed consis-
tent increases in expression across all time points, others,
like SpoIAA12 and SpolAA21, exhibited more variable
responses, suggesting intricate regulatory mechanisms.
Interestingly, SpolAA24 exhibited a continuous increase
in expression, peaking at 4 h, while SpolAA 10 displayed a
decrease in expression during the same period.

Discussion

The comprehensive identification and characteriza-
tion of Aux/IAA genes in spinach, as presented in this
study, contribute valuable insights into the intricate
regulatory network of auxin signaling. Our systematic
approach involved utilizing two spinach genomes, Sp75
and Monoe-Viroflay, to ensure a comprehensive survey
of the Aux/IAA gene family. The employment of HMM
and BLAST searches against A. thaliana Aux/IAA pro-
tein sequences facilitated the precise identification of 24
definitive Aux/IAA genes. In comparison, other exten-
sively studied plant species, such as A. thaliana, exhib-
ited a rich assortment of gene families. Notably, the
Arabidopsis genome encompasses 29 Aux/[AA genes
[28], Brassica rapa boasts 89 AUX/IAA genes [29], Bras-
sica napus features 119 AUX/IAA genes [30], Hordeum
vulgare contains 36 AUX/IAA genes [31], and Cucumis
sativus harbors 29 AUX/IAA genes. Additionally, rice
and maize each contain 31 AUX/IAA genes [20, 22], Sor-
ghum bicolor comprises 26 members [23], and poplar
comprises 35 genes [24], collectively contributing to the
intricate regulatory network governing auxin responses.
A comparative analysis of Aux/I[AA gene numbers
between spinach and other species reveals both simi-
larities and distinctions. This highlights the evolution-
ary divergence and specialization inherent within these
plant species. The observed differences in the number
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of Aux/IAA genes among plant species can be eluci-
dated through a combination of evolutionary, genomic,
and functional factors. Evolutionary processes, includ-
ing gene duplication, divergence, and loss, contribute to
the dynamic nature of gene families across plant lineages.
Whole-genome or segmental duplication events play a
role in expanding the Aux/IAA gene repertoire, allow-
ing for functional diversification within specific species.
Functional specialization, driven by the unique develop-
mental processes of each plant, may influence the selec-
tion pressure on Aux/IAA genes, leading to variations
in gene numbers. Furthermore, the adaptation of plants
to specific environmental conditions and ecological
niches can drive the need for distinct Aux/IAA gene sets.
Genome assembly and annotation discrepancies, coupled
with species-specific requirements, also contribute to
reported variations. The observed Aux/IAA gene num-
bers reflect the complex interplay between evolutionary
dynamics, selective pressures, and the specific biological
needs of individual plant species. This interplay is crucial
in modulating auxin signaling for optimal growth and
development [2, 32, 33].

The identified Aux/IAA genes exhibited consider-
able diversity in terms of amino acid length, molecular
weight, isoelectric point, and motif structure. Such diver-
sity within the gene family, as indicated by the distinctive
attributes of individual genes, suggests potential specific
roles in mediating auxin responses, such as growth regu-
lation and stress response. Chromosomal organization,
synteny, and gene density can influence the distribution
and abundance of Aux/IAA genes within a genome. Dif-
ferent plant genomes exhibit varying degrees of com-
pactness, repetitive elements, and structural variations,
which could account for discrepancies in Aux/IAA gene
counts. Moreover, recent findings suggest that long ter-
minal repeat retrotransposons (LTR-RTs) contribute to
the amplification of Aux/IAA genes in grasses like rice
and sorghum. Functional redundancy and specialization
among Aux/IAA gene family members can impact their
retention and conservation throughout evolution. While
some Aux/IAA genes maintain similar functions and thus
undergo purifying selection, others accumulate muta-
tions resulting in novel functions or sub-functionaliza-
tion [32, 34].

In further investigation, we conducted a thorough
examination of cis-regulatory elements within the pro-
moters of SpolAA genes. Our analysis revealed associa-
tions with various aspects of plant growth, development,
and stress responses, including hormonal responses to
ABA and MeJA, as well as responses to low tempera-
ture and light cues. These findings contribute to our
understanding of the molecular mechanisms underlying
IAA genes, as well as provide insights into their poten-
tial biological roles, building upon previous research
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into cellular signaling [35—37]. Identifying domains con-
tributes to a deeper understanding of Aux/[AA gene
function. In our study, we recognized familiar domains
such as GWPPV/I, enhancing our comprehension of
gene roles. The core sequence of Domain III contain-
ing GWPPV/I serves as the target site for ubiquitination
degradation of Aux/IAA proteins through interaction
with the TIR1 component of the SCFTIR1 complex [31].
In Aux/IAA proteins like AtIAA20 and AtIAA30, the
absence of Domain II prolongs protein half-life compared
to canonical Aux/IAA proteins, disrupting auxin physi-
ology and resulting in auxin-related aberrant phenotypes
[38]. Previous research indicates that non-canonical Aux/
IAA proteins lacking Domain II evade degradation by the
SCFTIR1 complex and are stabilized through phosphory-
lation under high auxin levels [39, 40].

In our investigation, we identified SpolAA2, 5, 6, 7, 8,
and 9, which lack Domain II, suggesting they may func-
tion similarly to previously reported non-canonical
IAAs. Additionally, mutations affecting the conserved
motif GWPPV/I within Domain II, as seen in AtIAA31,
OsIAA4, OsIAA10, and various Arabidopsis mutants
(shy2-2, shy2-3, iaal8-1, arx2-1, arx3-1, arx3-3), sta-
bilize the protein and result in typical auxin-related
aberrant phenotypes, including dwarfism and altered til-
ler angles [38, 41, 42]. Domain II plays a pivotal role in
facilitating both homo- and hetero-dimerization among
Aux/IAA proteins and ARFs, thereby suppressing the
transcription of auxin-responsive genes [43, 44]. In our
investigation, we observed the absence of Domain II in
SpolAA6 and 9.

The phylogenetic tree analysis of the Aux/IAA gene
family in spinach, coupled with expression data at dif-
ferent time points (1 h, 2 h, and 4 h), provided valuable
insights into the potential functions of individual mem-
bers. For example, predicting the function of SpoIAAS,
20, 21, and 22 in spinach based on the known function
of Aux/IAA1, 2, and 3 in Arabidopsis involves consid-
ering the conserved nature of Aux/IAA genes and their
functional domains. Aux/[AAl acts as a transcrip-
tional repressor that interacts with auxin response fac-
tors (ARFs) to modulate the expression of early auxin
response genes. When auxin levels increase, Aux/[AAI
is rapidly degraded, releasing ARFs to activate or repress
downstream target genes involved in various aspects
of plant growth and development, such as cell division,
elongation, and differentiation. Therefore, Aux/IAAI
is critical for maintaining proper auxin responses dur-
ing plant growth and development [45, 46]. Aux/IAA3
in Arabidopsis is involved in diverse auxin-related pro-
cesses, such as apical dominance, root elongation, adven-
titious rooting, and root gravitropism [41, 47]. Aux/IAA2
plays crucial roles in regulating various developmen-
tal processes in plants, including embryo development,
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lateral root initiation and elongation, hypocotyl growth,
tropisms, flower organ development, and other pro-
cesses. Specifically, when auxin levels change dynamically
in space and time, they can trigger gene reprogramming
precisely and rapidly, requiring auxin early response
genes like Aux/IAA. Additionally, Aux/IAA2 has a close
genetic relationship with SIAux/[AA26 of tomato and
MdAux/IAA26 of apple. When MdAux/IAA2 was overex-
pressed in apple flesh callus via Agrobacterium-mediated
gene transformation, it affected the transcription level of
MdAux/IAA2, suggesting a role in regulating other abi-
otic stresses [48]. Given the close phylogenetic relation-
ship between AtIAA1, 2, and 3 and SpolAAS, 20, 21, and
22, it is plausible to speculate that these genes may also
play roles in similar auxin-mediated developmental pro-
cesses in spinach. The phylogenetic analysis suggests a
close evolutionary relationship between Aux/IAA20 and
SpoIAA2, implying that these two genes share a common
ancestor and may have conserved functions in auxin sig-
naling. Based on the information provided, AUX/IAA20
in Arabidopsis is a noncanonical Aux/IAA protein that
lacks domain II and is long-lived compared to the canon-
ical IAA17 protein. When overexpressed in Arabidopsis
using the 35 S promoter, IAA20 OX shows low root api-
cal meristem (RAM) activity, resulting in reduced meri-
stematic activity in roots. Additionally, IAA20 and IAA30
are early auxin-inducible and expressed in the root api-
cal meristem, suggesting a potential role in maintaining
the stem cell niche of the root by regulating the activity
of MP/ARF5 and NPH4/ARF7 [49]. Therefore, it is rea-
sonable to hypothesize that SpolAA14 in spinach may
also participate in similar auxin-mediated processes.
Given the close phylogenetic relationship between Aux/
IAAS and 6 from Arabidopsis and SpolAA3 in spinach,
it is reasonable to predict that SpoIAA3 may share func-
tional similarities with Aux/IAA6 in regulating auxin
responses. Therefore, it is plausible that SpolAA3 in
spinach may also contribute to similar processes, poten-
tially influencing root development, tropisms, or other
auxin-mediated responses. However, recent character-
ization of the mutants identified more precise functions
in the response to environmental stresses for IAA5, and
IAA6 [50-52]. In Arabidopsis, Aux/IAA12, also known
as SOLITARY ROOT (SLR), plays a key role in regulat-
ing various aspects of plant growth and development
by modulating auxin signaling. Specifically, Aux/IAAI2
is involved in root development. Mutations in the Aux/
IAA12 gene result in the solitary root phenotype, where
the plant forms only a single primary root instead of
the normal branched root system. This suggests that
Aux/IAAI2 is a negative regulator of lateral root devel-
opment. The protein is rapidly degraded in response
to auxin, allowing ARFs to activate the expression of
auxin-responsive genes involved in lateral root initiation
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[53-55]. Aux/IAA1l specifically has been shown to
be involved in the acclimation to chloroplast-specific
stresses and integrates this pathway with auxin signaling
[56]. The provided phylogenetic tree indicated that Aux/
IAAI0 and 12 from Arabidopsis are close to SpolAA9,
10, 16, 17, and 18 in spinach. Therefore, a hypothesis
can be formulated that these genes in spinach may share
some functional characteristics with those in Arabidop-
sis, possibly participating in root development. Based on
the provided information about AUX/IAA7 in Arabidop-
sis, which negatively regulates the auxin signaling path-
way and exhibits severe growth and development defects
when mutated [57], we can predict the potential function
of SpoIAA7 and 19 in spinach. Given the close relation-
ship observed in the phylogenetic tree between Aux/
IAA7 from Arabidopsis and SpolAA7 and 19 in spinach,
it is reasonable to speculate that these genes may have a
similar role in negatively regulating the auxin signaling
pathway in spinach. If these genes function similarly to
Aux/IAA7, mutations in conserved motifs, particularly
in domain II, might result in growth and developmen-
tal defects similar to those observed in the Aux/IAA7
mutant of Arabidopsis [57]. This could include inhibited
stem elongation, leaf curl, slow root growth, fewer lateral
roots, and potentially altered gravitropism. The impaired
degradation of SpolAA7 and 19, similar to Aux/IAA7,
might require higher auxin concentrations to trigger deg-
radation, leading to reduced ARF-mediated gene tran-
scription and, consequently, restricted cell expansion and
elongation. Moreover, if SpolAA7 and 19 are involved
in auxin-mediated processes, it may influence cell wall
composition, activate cell wall-related gene expression,
and contribute to apoplastic acidification, similar to the
effects described for auxin in Arabidopsis. These pro-
cesses collectively contribute to the regulation of plant
growth, development, and architecture by controlling cell
proliferation, expansion, elongation, and differentiation.
Nevertheless, it is important to note that experimental
validation is needed to confirm the specific functions of
SpoIAA7 and 19 in spinach and to determine whether
its role aligns with the predicted functions based on the
phylogenetic relationship with Aux/IAA7 in Arabidopsis.

Conclusion

In conclusion, this comprehensive investigation system-
atically identified and characterized the Aux/IAA gene
family in the spinach genome, particularly in the Sp75
and Monoe-Viroflay genomes. Through a meticulous
approach involving bioinformatics tools and databases, a
total of 24 definitive Aux/IAA genes were identified, each
exhibiting diverse characteristics in terms of amino acid
length, molecular weight, and isoelectric point. The phy-
logenetic analysis revealed distinct clades, highlighting
evolutionary relationships among Aux/IAA genes from
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spinach, Arabidopsis, radish, and lettuce. The structural
analysis, including gene structure and conserved motif
analysis, provided insights into the variability in cod-
ing sequences and untranslated regions across the Aux/
IAA gene set. The expression analysis under NAA treat-
ment at different time points revealed gene-specific and
time-dependent patterns, shedding light on the dynamic
regulation of Aux/IAA genes in response to auxin. Addi-
tionally, the phylogenetic tree analysis coupled with
expression data presented potential functional roles for
specific Aux/IAA genes in spinach development and
auxin-mediated responses. This study contributes valu-
able insights into the intricate regulatory network of
auxin signaling in spinach, providing a theoretical foun-
dation for future investigations into the precise func-
tions and regulatory mechanisms of Aux/IAA genes in
this important plant species. Indeed, the identification
of these genes lays a foundation for comprehending hor-
mone-related molecular mechanisms and offers a valu-
able genetic resource for molecular breeding, potentially
facilitating advancements in agricultural practices and
crop improvement strategies.

Methods

Identification of Aux/IAA gene family in spinach

In this study, we systematically identified the Aux/
IAA genes in the spinach genome. Initially, all protein
sequences of two spinach genomes, including Sp75 [58]
and Monoe-Viroflay [59], were retrieved from the rel-
evant genome database, spinachbase.org [60]. Subse-
quently, a search for the Aux/IAA domain (PF02309)
was performed using the Pfam library of Hidden Markov
Model (HMM) profiles, employing the hmmer3 soft-
ware locally (http://hmmer.org/). Genes correspond-
ing to proteins containing the Aux/IAA domain were
then extracted from the spinach genome. Following
this, a BLASTP search was executed against A. thaliana
Aux/IAA protein sequences [18, 19], with a stringent E
value threshold (1e™!°) to minimize false positives. The
obtained non-redundant protein sequences were further
validated for the presence of the Aux/IAA domain using
the Conserved Domain (CD) search service on the NCBI
website. In addition, SMART (Simple Model Architec-
ture Research Tool, http://smart.embl-heidelberg.de)
[61] database was used to determine whether any can-
didate Aux/IAA protein sequences were members of the
Aux/IAA family.

Structural analysis of SplAAs and orthologous
identification

Information on identified Aux/IAA genes in spinach was
retrieved from the spinach genome database, including
sequence ID, and chromosomal location. The genomic
positions of each identified Aux/IAA gene in the spinach
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chromosomes were determined through BLAST searches
against the genomic sequences of each spinach chromo-
some. Molecular weights (MW) and isoelectric points
(PI) were calculated using the Protparam program on the
Expasy website (http://au.expasy.org/tools/protparam.
html). For the identification of orthologs in radish [62]
and lettuce (Lactuca sativa cv Salinas V8, https://genom-
evolution.org/coge/Genomelnfo.pl?gid=28333), the
identified Aux/IAA genes from spinach were utilized as
queries for BLAST searches against the Radish Genome
Database and Lettuce Genome Database, respectively.
The orthologous relationships were established based on
sequence similarity, and unique names were assigned to
the identified genes following the nomenclature conven-
tions for each species. The chromosome mapping of Aux/
IAA genes in radish and lettuce was performed using the
respective GFF files. A similar approach to SpIAA was
used to determine whether any candidate Aux/IAA pro-
tein sequences were members of the Aux/IAA family.

Conserved motif and promoter cis-elements analysis

To identify conserved motifs within the SpIAA proteins,
we utilized the Multiple Expectation Maximization for
Motif Elicitation (MEME) online tool (http://meme.
nbcr.net/meme4_1/cgi-bin/meme.cgi) [63]. The analysis
parameters were configured as follows: allowing zero or
one occurrence per sequence for a single motif, setting
the optimal motif width between =6 and <50, limiting
the maximum number of motifs for identification to nine,
and maintaining default values for all other parameters.
The identified motifs were further annotated using the
SMART program (http://smart.embl-heidelberg.de) and
Pfam database (http://pfam.xfam.org/) to provide com-
prehensive functional annotations. In further investiga-
tion, the SpIAA gene promoter sequences, which span
2000 base pairs upstream of the translational start site
(ATG), were acquired from the spinach genome. The
PlantCARE tool (https://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) was utilized to analyze cis-
regulatory elements present in these promoter regions.
Subsequently, TBtools [64] was employed to generate
visual representations of these cis-elements.

Phylogenetic analysis

Protein sequences corresponding to each gene from all
Aux/IAA (Spinach, Arabidopsis, Radish, and Lettuce)
were compiled into a FASTA-formatted file and sub-
jected to multiple sequence alignment using MUSCLE
v3.8.31 [65]. The resulting alignments underwent a rigor-
ous filtration process, removing poorly aligned regions
through trimAl v1.4 [66] with parameter settings “-gt
0.7 -st 0.01” Subsequently, maximum likelihood (ML)
phylogenetic trees were constructed for alignment
sequence using RAxML v8.2.11 [67], employing the
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Table 2 Gene names and primer sequences used for gene
expression assays via qRT-PCR

GenelD  Forward primer (5" to 3’)  Reverse primer (5  Prod-

to3’) uct

size

(bp)

SpolAAT GCTTCTAAACCAGGTGTT TAGCAGTCGGAGCT 175
CAGG CTATTTCC

SpolAA2  CGTTCGATCTGTCACCGT TGAAGATCACCAGCA 209
ATAA AGAAGAA

SpolAA3  TGACAAGAAGAACACCAA  ATCCACCATTTTCAG 218
AACG ACAAACC

SpolAA4  AGCTCTTGTTGGTAGCTT ATCCTGAGTCGTTGG 153
GCTC ACAGATT

SpolAA5  TTCACATTCTCTATCGGC TCGTGATGATGAGAA 150
CTCT GAAATGC

SpolAA6  CCAGTGAGGAAGAAGAG GCCTCCAAAAACTGT 226
GAGAA GAAAAAC

SpolAA7  ACCGGATGCTTGTTAGAG AAGTCCTGCTTTCTT 186
ATGT GCTTTTG

SpolAA8  GAGTGGCCATACCTCAAA CAAGGCTAGGGTATC 175
AGTC CAAGATG

SpolAA9  CAGAAGTCTGGTACGCTG ~ TGCTTTGCACTTCTC 176
TTGA TCTTCTG

SpolAAT0  TCGGATACTTTGGATTTG TCCATCAACTGCAAC 207
AACC CTTTACA

SpolAATT  GAACAAGACCTTCATGTG CATGCATTCCTTTTC 182
ACCA ACTACCA

SpolAAT2  GAAGGAACACAGTCATCA  GCACAGCTGTAAGA 218
ACCA GCAGAAGA

SpolAA13  TGCCTCTATGTGAAGGTT AGATCTGCATCCTGT 194
AGCA TTTCCAT

SpolAAT4  CTCTGAGACGGAAGGTG TAGGAGCTGCGGTAA 188
ACTCT CTTTCTC

SpolAAT5  TGAACAAGAAAGGAGTTG CCATCCAATAACTTG 182
AGCA TGCCTTT

SpolAA16  TGGGACGGAGTAATGAA AGGTAGTCGTCATGG 151
AACT CAATCTT

SpolAA17  CGAATTGAGATTAGGGTT TCTTGTGCGTTCTTC 211
ACCG TTGTGAT

SpolAA20  CTCCTACGGCTAGCAATC TTAAGATCGACCTTC 250
AAGT CTTCCAA

SpolAA21  TCATGAATGAGAGCAAGC ATAGCTCTTGGAGCA 181
TGAT AGTCCAG

SpolAA22  ACCTGAGGAAGATTGACC ~ ACATCTCCCATGGTA 189
TGAA CATCTCC

SpolAA23  ACTCGTTAGGGCTAATGT AAGGAACATCTCCAA 183
TGGA CAAGCAT

SpolAA24  AAGGGTAGAAGCAGCAG ACGCGCTTAGTACCA 161
CTATG GAAGAAG

PROTGAMMAAUTO model, and support values were

evaluated with 100 bootstrap replicates.

Plant materials, RNA extraction and qRT-PCR

The Virofly spinach cultivar was planted in a con-
trolled greenhouse at Isfahan University of Technology
under specific conditions, maintaining a temperature of

16 °C/14°C day/night, a photoperiod of 16 h/8 h light/
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dark, and 50% relative humidity. To investigate the effects
of NAA (1-Naphthaleneacetic acid) treatment, spinach
seedlings at the three-week-old stage with four leaves
were subjected to a 5 nM NAA spray. Subsequent sam-
pling occurred at 1 h, 2 h, and 4 h post-spraying. Control
seedlings were treated with DMSO (dimethyl sulfox-
ide) as solvant. To minimize expression variability, each
sample represented pooled material from a minimum of
three plants. Collected samples were rapidly frozen in liq-
uid nitrogen and stored at —80 °C until RNA extraction.
RNA extraction was performed in triplicate using the
DENAzist column RNA isolation kit following the man-
ufacturer’s protocol. The RNA concentration and purity
were assessed using a NanoDrop Spectrophotometer and
agarose gel. Quantification and cDNA library preparation
was performed using isolated RNA samples treated with
DNase I enzyme to eliminate genomic DNA contamina-
tion. The resulting cDNA served as a template for quan-
titative real-time polymerase chain reaction (QRT-PCR).
Primer design for selected genes (Table 2) was conducted
using the Primer3 tool, considering parameters such
as melting temperature, self-complementarity, hairpin
potential, and primer product sizes. The qRT-PCR exper-
iments were performed in triplicate using a StepOne
Real-Time PCR system. The reaction mixture included
SYBR Green Master Mix, diluted ¢cDNA, and specific
primers. The protocol consisted of an initial denatur-
ation step, followed by 40 cycles of amplification, and
concluded with a melting curve program. The expres-
sion patterns of bolting and flowering-related genes were
quantitatively assessed using the 2 ~ 22t method [68],
with GADPH serving as the internal reference gene. This
approach allowed for a rigorous evaluation of the tar-
geted gene expressions at various developmental stages
in spinach leaf tissues.

Acknowledgements
Not applicable.

Author contributions

EIA: investigation; methodology; formal analysis, writing-review. AS:
Conceptualization; funding acquisition; investigation; project administration;
methodology; formal analysis; validation; writing-original draft; writing-review
and editing. RM: Investigation; methodology; funding acquisition; writing-
review and editing.

Funding
No funding was received for conducting this study.

Data availability

The datasets (Sp75 and Viroflay genome data) used during the current study
are available in Spinachbase.org, and gene expression data available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.



Imani Asl et al. BMC Genomics

(2024) 25:567

Consent for publication
Not applicable.

Conflict of interest
The authors declare no conflicts of interest.

Received: 14 January 2024 / Accepted: 29 May 2024
Published online: 05 June 2024

References

1.

20.

22.

23.

24.

25.

Paul P, DhandapaniV, Rameneni JJ, Li X, Sivanandhan G, Choi SR, et al.
Genome-wide analysis and characterization of Aux/IAA family genes in Bras-
sica rapa. PLoS ONE. 2016;11:e0151522.

Luo J, Zhou J-J, Zhang J-Z. Aux/IAA Gene Family in plants: molecular struc-
ture, regulation, and function. Int J Mol Sci. 2018;19.

Muday GK. Auxins and tropisms. J Plant Growth Regul. 2001;20:226-43.
Jenik PD, Barton MK. Surge and destroy: the role of auxin in plant embryo-
genesis. Development. 2005;132:3577-85.

Leyser O.The fall and rise of apical dominance. Curr Opin Genet Dev.
2005;15:468-71.

Reinhardt D. Regulation of phyllotaxis. Int J Dev Biol. 2005;49:539-46.

Abel S, Theologis A. Early genes and auxin action. Plant Physiol.
1996;111:9-17.

Wang H, Tian C, Duan J, Wu K. Research progresses on GH3s, one family of
primary auxin-responsive genes. Plant Growth Regul. 2008;56:225-32.

Gray WM, Kepinski S, Rouse D, Leyser O, Estelle M. Auxin regulates SCF(TIR1)-
dependent degradation of AUX/IAA proteins. Nature. 2001;414:271-6.
Zenser N, Ellsmore A, Leasure C, Callis J. Auxin modulates the degradation
rate of Aux/IAA proteins. Proc Natl Acad Sci. 2001;98:11795-800.

Tiwari SB, Hagen G, Guilfoyle TJ. Aux/IAA proteins contain a potent transcrip-
tional repression domain. Plant Cell. 2004;16:533-43.

Worley CK, Zenser N, Ramos J, Rouse D, Leyser O, Theologis A, et al. Degrada-
tion of Aux/IAA proteins is essential for normal auxin signalling. Plant J.
2000;21:553-62.

Abel S, Oeller PW, Theologis A. Early auxin-induced genes encode short-lived
nuclear proteins. Proc Natl Acad Sci U S A. 1994,91:326-30.

Song Y, You J, Xiong L. Characterization of OsIAA1 gene, a member of rice
Aux/IAA family involved in auxin and brassinosteroid hormone responses
and plant morphogenesis. Plant Mol Biol. 2009;70:297-309.

Poutrain P. Guirimand G, Glévarec G, Courdavault V, Pichon O. Molecular
characterization of an Aux/IAA of Catharanthus roseus. J Plant Growth Regul.
2011;30:235-41.

Wang C, Liu, Li S-S, Han G-Z. Insights into the origin and evolution of the
plant hormone signaling machinery. Plant Physiol. 2015;167:872-86.
Paponov IA, Teale W, Lang D, Paponov M, Reski R, Rensing SA, et al. The evolu-
tion of nuclear auxin signalling. BMC Evol Biol. 2009;9:126.

Overvoorde PJ, Okushima Y, Alonso JM, Chan A, Chang C, Ecker JR, et al. Func-
tional genomic analysis of the AUXIN/INDOLE-3-ACETIC ACID gene family
members in Arabidopsis thaliana. Plant Cell. 2005;17:3282-300.

Dreher KA, Brown J, Saw RE, Callis J. The Arabidopsis Aux/IAA protein

family has diversified in degradation and auxin responsiveness. Plant Cell.
2006;18:699-714.

Jain M, Kaur N, Garg R, Thakur JK, Tyagi AK, Khurana JP. Structure and expres-
sion analysis of early auxin-responsive Aux/IAA gene family in rice (Oryza
sativa). Funct Integr Genomics. 2006;6:47-59.

Audran-Delalande C, Bassa C, Mila |, Regad F, Zouine M, Bouzayen M.
Genome-wide identification, functional analysis and expression profiling of
the Aux/IAA gene family in tomato. Plant Cell Physiol. 2012,53:659-72.

Wang Y, Deng D, Bian Y, Lv Y, Xie Q. Genome-wide analysis of primary
auxin-responsive Aux/IAA gene family in maize (Zea mays. L). Mol Biol Rep.
2010;37:3991-4001.

Wang S, Bai Y, Shen C, Wu'Y, Zhang S, Jiang D, et al. Auxin-related gene
families in abiotic stress response in Sorghum bicolor. Funct Integr Genomics.
2010;10:533-46.

Kalluri UC, Difazio SP, Brunner AM, Tuskan GA. Genome-wide analysis of Aux/
IAA and ARF gene families in Populus trichocarpa. BMC Plant Biol. 2007;7:59.
WeiS, ChenY,Hou J, Yang Y, Yin T. Aux/IAA and ARF Gene Families in Salix
suchowensis: identification, evolution, and dynamic transcriptome profiling
during the plant growth process. Front Plant Sci. 2021;12:666310.

26.

27.

28.

29.

30.

32

33.

34.

36.

37.

46.

47.

49.

50.

Page 12 of 13

Huang S, Li R, Zhang Z, Li L, Gu X, Fan W, et al. The genome of the cucumber,
Cucumis sativus L. Nat Genet. 2009;41:1275-81.

Gan D, Zhuang D, Ding F, Yu Z, Zhao Y. Identification and expression analysis
of primary auxin-responsive Aux/IAA gene family in cucumber (Cucumis
sativus). J Genet. 2013;,92:513-21.

Liscum E, Reed JW. Genetics of Aux/IAA and ARF action in plant growth and
development. Plant Mol Biol. 2002;49:387-400.

Xu H, LiuY, Zhang S, Shui D, Xia Z, Sun J. Genome-wide identification and
expression analysis of the AUX/IAA gene family in turnip (Brassica rapa ssp.
rapa). BMC Plant Biol. 2023;23:342.

Li H, Wang B, Zhang Q, Wang J, King GJ, Liu K. Genome-wide analysis of the
auxin/indoleacetic acid (Aux/IAA) gene family in allotetraploid rapeseed
(Brassica napus L). BMC Plant Biol. 2017;17:204.

ShiQ Zhang Y, To V-T, Shi J, Zhang D, Cai W. Genome-wide characterization
and expression analyses of the auxin/indole-3-acetic acid (Aux/IAA) gene
family in barley (Hordeum vulgare L). Sci Rep. 2020;10:10242.

HouY, Li H, Zhai L, Xie X, Li X, Bian S. Identification and functional charac-
terization of the Aux/IAA gene VcIAA27 in blueberry. Plant Signal Behav.
2020;15:1700327.

Wu W, LiuY, Wang Y, Li H, Liu J, Tan J et al. Evolution analysis of the Aux/IAA
Gene Family in plants shows dual origins and Variable Nuclear localization
signals. Int J Mol Sci. 2017;18.

Cheng W, Zhang M, Cheng T, Wang J, Zhang Q. Genome-wide identification
of Aux/IAA gene family and their expression analysis in Prunus mume. Front
Genet. 2022;13:1013822.

Cai K, Zhao Q, Zhang J, Yuan H, Li H, Han L et al. Unraveling the guardians of
Growth: a comprehensive analysis of the Aux/IAA and ARF Gene Families in
Populus simonii. Plants. 2023;12.

Gidhi A, Kumar M, Mukhopadhyay K. The auxin response factor gene family
in wheat (Triticum aestivum L.): genome-wide identification, character-
ization and expression analyses in response to leaf rust. South Afr J Bot.
2021;140:312-25.

Lian C, Lan J,Ma R, LiJ, Zhang F, Zhang B, et al. Genome-wide analysis of Aux/
IAA Gene Family in Artemisia argyi: identification, Phylogenetic Analysis, and
determination of response to various phytohormones. Volume 13. Plants;
2024. (Basel, Switzerland).

Sato A, Yamamoto KT. Overexpression of the non-canonical Aux/IAA genes
causes auxin-related aberrant phenotypes in Arabidopsis. Physiol Plant.
2008;133:397-405.

Cao M, ChenR, Li P, YuY, Zheng R, Ge D, et al. TMK1-mediated auxin signalling
regulates differential growth of the apical hook. Nature. 2019;568:240-3.
LvB,Yu Q Liu J,Wen X, Yan Z, Hu K, et al. Non-canonical AUX/IAA protein
IAA33 competes with canonical AUX/IAA repressor IAAS to negatively regu-
late auxin signaling. EMBO J. 2020,39:e101515.

Tian Q, Reed JW. Control of auxin-regulated root development by the Arabi-
dopsis thaliana SHY2/IAA3 gene. Development. 1999;126:711-21.

Ploense SE, Wu M-F, Nagpal P, Reed JW. A gain-of-function mutation in
IAA18 alters Arabidopsis embryonic apical patterning. Development.
2009;136:1509-17.

Maraschin F, dos Memelink S, Offringa J. Auxin-induced, SCF(TIR1)-mediated
poly-ubiquitination marks AUX/IAA proteins for degradation. Plant J.
2009;59:100-9.

Guilfoyle TJ. The PBT domain in auxin response factor and Aux/IAA proteins:
a versatile protein interaction module in the auxin response. Plant Cell.
2015;27:33-43.

Reed JW. Roles and activities of Aux/IAA proteins in Arabidopsis. Trends Plant
Sci. 2001,6:420-5.

Nemhauser JL. Back to basics: what is the function of an Aux/IAA in auxin
response? New Phytol. 2018;218:1295-7.

Tian Q, Uhlir NJ, Reed JW. Arabidopsis SHY2/IAA3 inhibits auxin-regulated
gene expression. Plant Cell. 2002;14:301-19.

Bu H, Sun X, Yue P, Qiao J, Sun J, Wang A et al. The MdAux/IAA2 transcription
Repressor regulates cell and fruit size in Apple Fruit. Int J Mol Sci. 2022;23.
Sato A, Yamamoto KT. What's the physiological role of domain Il-less Aux/IAA
proteins? Plant Signal Behav. 2008;3:496-7.

Shani E, Salehin M, Zhang Y, Sanchez SE, Doherty C, Wang R, et al. Plant stress
tolerance requires auxin-sensitive Aux/IAA Transcriptional Repressors. Curr
Biol. 2017;27:437-44.

Orosa-Puente B, Leftley N, von Wangenheim D, Banda J, Srivastava AK, Hill K,
et al. Root branching toward water involves posttranslational modification of
transcription factor ARF7. Science. 2018;362:1407-10.



Imani Asl et al. BMC Genomics

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2024) 25:567

Lakehal A, Chaabouni S, Cavel E, Le Hir R, Ranjan A, Raneshan Z, et al. A
Molecular Framework for the control of Adventitious Rooting by TIR1/
AFB2-Aux/IAA-Dependent Auxin Signaling in Arabidopsis. Mol Plant.
2019;12:1499-514.

Rogg LE, Bartel B. Auxin signaling: derepression through regulated proteoly-
sis. Dev Cell. 2001;1:595-604.

Weijers D, Benkova E, Jager KE, Schlereth A, Hamann T, Kientz M, et al.
Developmental specificity of auxin response by pairs of ARF and Aux/IAA
transcriptional regulators. EMBO J. 2005;24:1874-85.

Szemenyei H, Hannon M, Long JA. TOPLESS mediates auxin-dependent
transcriptional repression during Arabidopsis embryogenesis. Science.
2008;319:1384-6.

Mielecki J, Gawroniski P, Karpirski S. Aux/IAAT1 is required for UV-AB tolerance
and Auxin sensing in Arabidopsis thaliana. Int J Mol Sci. 2022,23.

WeiT, Zhang L, Zhu R, Jiang X, Yue C, Su Y et al. A gain-of-function mutant of
IAA7 inhibits stem elongation by Transcriptional repression of EXPA5 genes in
Brassica napus. Int J Mol Sci. 2021;22.

Xu C, Jiao C, Sun H, Cai X, Wang X, Ge C et al. Draft genome of spinach and
transcriptome diversity of 120 Spinacia accessions. Nat Commun. 2017;8.

Cai X, Sun X, Xu C, Sun H, Wang X, Ge C, et al. Genomic analyses provide
insights into spinach domestication and the genetic basis of agronomic
traits. Nat Commun. 2021;12:7246.

Collins K, Zhao K, Jiao C, Xu C, Cai X, Wang X et al. SpinachBase: A central
portal for spinach genomics. Database. 2019;2019.

Letunic |, Copley RR, Schmidt S, Ciccarelli FD, Doerks T, Schultz J, et al. SMART
4.0: towards genomic data integration. Nucleic Acids Res. 2004;32:142-4.
Database issue:D.

62.

63.

64.

65.

66.

67.

68.

Page 13 of 13

Mitsui Y, Shimomura M, Komatsu K, Namiki N, Shibata-Hatta M, Imai M, et al.
The radish genome and comprehensive gene expression profile of tuberous
root formation and development. Sci Rep. 2015;5:10835.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L et al. MEME SUITE:
tools for motif discovery and searching. Nucleic Acids Res. 200937 Web
Server issue:W202-8.

Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, et al. TBtools: an inte-
grative Toolkit developed for interactive analyses of big Biological Data. Mol
Plant. 2020;13:1194-202.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 2004;32:1792-7.

Capella-Gutiérrez S, Silla-Martinez JM, Gabalddn T. trimAl: a tool for auto-
mated alignment trimming in large-scale phylogenetic analyses. Bioinformat-
ics. 2009;25:1972-3.

Stamatakis A, Ludwig T, Meier H. RAXML-III: a fast program for maximum
likelihood-based inference of large phylogenetic trees. Bioinformatics.
2005;21:456-63.

Rao X, Huang X, Zhou Z, Lin X. An improvement of the 2*(-delta delta CT)
method for quantitative real-time polymerase chain reaction data analysis.
Biostat Bioinforma Biomath. 2013;3:71-85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Genome-wide characterization, functional analysis, and expression profiling of the ﻿Aux/IAA﻿ gene family in spinach
	﻿Abstract
	﻿Background
	﻿Results
	﻿Identification of the ﻿Aux/IAA﻿ gene family in spinach genome
	﻿Gene structure and conserved motif analysis of SpIAA genes
	﻿Cis-elements in the promoters of ﻿SpIAA﻿ genes
	﻿Phylogenetic analysis of ﻿Aux/IAAs﻿
	﻿Gene expression

	﻿Discussion
	﻿Conclusion
	﻿Methods
	﻿Identification of ﻿Aux/IAA﻿ gene family in spinach
	﻿Structural analysis of SpIAAs and orthologous identification
	﻿Conserved motif and promoter cis-elements analysis
	﻿Phylogenetic analysis
	﻿Plant materials, RNA extraction and qRT-PCR

	﻿References


