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Abstract

Auxin/indole acetic acids (Aux/IAAs) and auxin response factors (ARFs), major components of the Aux signaling network, are involved
in many developmental processes in plants. Investigating their evolution will provide new sight on the relationship between the
molecular evolution of these genes and the increasing morphotypes of plants. We constructed comparative analyses of the retention,
structure, expansion, and expression patterns of Aux/IAAs and ARFs in Brassica rapa and their evolution in eight other plant species,
including algae, bryophytes, lycophytes, and angiosperms. All 33 of the ARFs, including 1 ARF-like (AL) (a type of ARF-like protein) and
53 Aux/IAAs, were identified in the B. rapa genome. The genes mainly diverged approximately 13 Ma. After the split, no Aux/IAA was
completely lost, and they were more preferentially retained than ARFs. In land plants, compared with ARFs, which increased in
stability, Aux/IAAs expanded more rapidly and were under more relaxed selective pressure. Moreover, BralAAs were expressed in a
more tissue-specific fashion than BraARFs and demonstrated functional diversification during gene duplication under different
treatments, which enhanced the cooperative interaction of homologs to help plants adapt to complex environments. In addition,
ALs existed widely and had a closer relationship with ARFs, suggesting that ALs might be the initial structure of ARFs. Our results
suggest that the rapid expansion and preferential retention of Aux/IAAs are likely paralleled by the increasingly complex morphotypes
in Brassicas and even in land plants. Meanwhile, the data support the hypothesis that the PB1 domain plays a key role in the origin of
both Aux/IAAs and ARFs.
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Introduction

The plant hormone auxin (indole-3-acetic acid; Aux) is involved
in many physiological and developmental processes in land

proteins Aux/IAA are able to interact with and repress ARF
transcription factors under basal (i.e., low auxin) conditions
(Ulmasov et al. 1997, 1999; Tiwari et al. 2004). Increased

plants, such as organogenesis, vascular tissue differentiation,
cell elongation, apical dominance, gravitropism, and root pat-
terning (Ludwig-Muller 2011; Gallavotti 2013; Shalom et al.
2014).

The auxin response factor (ARF) family and the Aux/indole
acetic acid (IAA) family play key roles in regulating the expres-
sion of auxin response genes (Wright and Nemhauser 2015).
During plant development, the short-lived nuclear-localized

auxin reduces the levels of the Aux/IAA proteins by accelerat-
ing their degradation through SCF™" complex, and therefore
ARF activity is derepressed and numerous auxin-mediated
transcriptional changes occur (supplementary fig. S1A,
Supplementary Material online; Gray et al. 2001; Korasick
etal. 2014). Most Aux/IAAs have three recognizable domains:
An N-terminal EAR-motif (domain 1), a short degron do-
main (domain 1), and a C-terminal PB1 (Phox and Bem1)
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protein—protein interaction domain (previously referred to as
domain IV or domains Il and IV; Guilfoyle 2015). The PB1
domain also exists in most of the ARFs to facilitate the forma-
tion of ARF-ARF, ARF-Aux/IAA, and Aux/IAA-Aux/IAA homo-
and hetero-oligomers; thus their interactions form a complex
network in Arabidopsis thaliana (supplementary fig. S18,
Supplementary Material online). Additionally, most ARFs con-
tain a middle region that functions as an activation domain,
such as Arabidopsis ARF5-8 and 19 (Ulmasov et al. 1999;
Tiwari et al. 2003), or repression domain. The N-terminal
region on ARFs can also serve as a binding domain DNA
binding domain (DBD) that is related to the B3 domain
family and recognizes the TGTCTC sequence (auxin response
elements) (Guilfoyle and Hagen 2007, 2012). The B3 domain
family mainly includes ABI3, HSI, RAV, and ARF families that
they are mainly involved in hormone signaling pathways
(Romanel et al. 2009). However, the Ar. thaliana Aux/|AA
protein family has diversified in degradation and Aux respon-
siveness. For example, AXR2/IAA7 has half-lives of 5-12 min;
IAA8, IAA9, and IAA28 can degrade more slowly than previ-
ously characterized family members (Dreher et al. 2006).

During their evolution, plants have substantially altered
their phenotypes to adapt to environmental changes by trans-
forming the form and function of genes. Gene duplication,
even a whole genome duplication (WGD), offers the chance
for genes to change themselves (Rensing 2014). After dupli-
cation, one copy of the gene might either become nonfunc-
tional (pseudogenized or silenced, also called gene death) or
acquire a novel function (neofunctionalization). Alternatively,
the two duplicates might divide the original function of the
gene (subfunctionalization; Innan and Kondrashov 2010).
During the long history of adjusting to the environment, it is
unclear what happened to the Aux/IAA and ARF genes and
how this affected the plant phenotypes. In previous reports of
the moss (Physcomitrella patens) genome, the Aux signaling
machinery originated before the divergence of moss and vas-
cular plants (Rensing et al. 2008). In 2013, Finet et al. inferred
that the ARF domain is a land plant innovation and found at
least two ARF genes, corresponding to the precursors of the A
and C clades, which already existed in the last common an-
cestor of the extant land plants. Further analyses of the char-
ophyte expressed sequence tag library identified several Aux/
IAAs and ARFs already present in the charophyte genomes
(Lau et al. 2009; De Smet et al. 2011; Viaene et al. 2013).
Although the Aux/IAAs and ARFs of several charophytes
(Klebsormidium flaccidum, Nitella mirabilis) did not contain
all of the typically conserved domains, they may nonetheless
affect algal development (Wang et al. 2015).

The Brassica genus is composed of many diverse species,
and each species contains rich morphotypes showing ex-
treme traits. Brassica rapa (AA genome), a diploid species,
shared a complex history with Ar. thaliana (y, B, and «
events) and experienced an additional whole genome trip-
lication (WGT) event 13—-17 Ma (Wang et al. 2011; Cheng

et al. 2013). Since its divergence from Ar. thaliana from
their most recent common ancestor (MRCA), B. rapa has
undergone considerable fractionation. Compared with the
24 conserved ancestral genomic blocks (GBs, labeled A-X)
in Ar. thaliana, 71 GBs were identified in B. rapa by synte-
nic ortholog analysis (Schranz et al. 2006; Wang et al.
2011). To identify the degree of fractionation (gene loss),
the B. rapa genome was divided into three subgenomes:
LF, MF1, and MF2 (Wang et al. 2011; Cheng et al. 2012).
The specific and well-studied genome of B. rapa was then
used to study the evolution of the Aux/IAA and ARF gene
families and the relationship between these two gene fam-
ilies and morphotype diversity of Brassicas plants. In addi-
tion, the genome sequences for many plant species, such
as algae, the ancestor of land plants, containing both pro-
tistan and higher taxa (Debashish and Linda 1998); bryo-
phytes, the closest extant relatives of early land plants
(Rensing et al. 2008); and lycophytes, early vascular
plants with a dominant sporophyte generation (Banks
et al. 2011), were recently made available. Moreover, the
ARF gene family was identified and analyzed in B. rapa by
Mun et al. (2012). All these data enable comparative
genome analyses so that inferences can be made regarding
the origin and evolution history of the Aux/IAA and ARF
genes, especially in B. rapa.

In this study, we identified 53 Aux/IAAs, 32 ARFs, and 1 AL
(which was defined by us) in B. rapa. Then, we constructed a
comprehensive comparative analysis of Aux/IAAs and ARFs,
including gene retentions, gene structures, gene expansions,
and gene expression patterns, in different tissues to charac-
terize the divergences in composition, expansion, and expres-
sion. In addition, the expression patterns of Aux/IAAs in
response to stress treatments were explored. Furthermore, a
comparative genomic analysis of the Aux/IAA and ARF genes
in 8 other plant species, including 4 eudicots (Ar. thaliana,
Carica papaya, Populus trichocarpa and Vitis vinifera), 1
basal angiosperm (Amborella trichopoda), 1 lycophyte
(Selaginella moellendorffii), 1 moss (Ph. patens), and 1 chlor-
ophyta (Chlamydomonas reinhardltii), demonstrated that AL
genes widely exist, providing a new path to understand the
origin of the Aux/IAA and ARF genes. The divergence of the
expression patterns and their rapid expansion suggest that
they play key roles during the creation of increasingly complex
morphotypes in Brassicas.

Materials and Methods

Identification of the Aux/IAA and ARF Genes in Multiple
Species

The Ar. thaliana Aux/IAA and ARF protein sequences were
downloaded from the Arabidopsis Information Resource data-
base (http:/Avww.arabidopsis.org/; supplementary table ST,
Supplementary Material online). All the files related to the
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B. rapa genome sequence data were obtained from the
Brassica database (BRAD; http://brassicadb.org/brad/; Wang
et al. 2011). The gene information for Am. trichopoda
genes was retrieved from the Amborella Genome Database
(http://Awww.amborella.org/; Albert et al. 2013). The gene in-
formation for V. vinifera, Ca. papaya, Po. trichocarpa, Ph.
patens, S. moellendorffii, and Ch. reinhardtii were down-
loaded from Phytozome v9.1 (http:/Avww.phytozome.net/;
Goodstein et al. 2012).

To identify putative Aux/IAA and ARF family members, the
Hidden Markov Model (HMM) profiles of Aux/IAA
(PFO2309), ARF (PF06507), and B3 (B3, PF02362) were re-
tained from the Pfam database (http:/pfam.xfam.org/) and
were used to identify the putative Aux/IAA and ARF proteins
with the best domain e-value cutoffs of <1 x 107* The
Arabidopsis Aux/IAA and ARF sequences were used as the
query to perform a BLAST search in these species, with a
cutoff e-value of < 107'°. To validate the HMM and BLAST
search, these potential sequences were analyzed using the
SMART tool (http://smart.embl-heidelberg.de/; Ludwig-
Muller 2011) and the National Center for Biotechnology
Information (NCBI) database (http:/Awww.nchi.nlm.nih.gov/
). Then, the FGENESH program (http:/linux1.softberry.com/
berry.phtml?topic=fgenesh&group=programs&subgroup=-
gfind) was used to rectify incorrect start codon predictions,
splicing errors, and missed or extra exons; manual reannota-
tion was performed.

Synteny Analysis of the Aux/IAA and ARF Genes between
Arabidopsis thaliana and Brassica rapa

The synteny between the Ar. thaliana and B. rapa genomes
was constructed by McScanX (http://chibba.pgml.uga.edu/
mcscan2/;  MATCH_SCORE: 50, MATCH_SIZE: 5,
GAP_SCORE: —3, E_VALUE: 1x 10> Wang, Deng, et al.
2012; Wang, Tang, et al. 2012; Duan et al. 2015). An all-
against-all BLASTP comparison provided the pairwise gene
information and the P value for a primary clustering. Paired
segments were extended by identifying the clustered genes
using dynamic programing. The potentially duplicated genes
were also identified using MCScanX. The resulting BLAST hits
were incorporated along with the chromosome coordinates of
all of the protein-coding genes as an input for MCScanX and
classified into segmental, tandem, proximal, and dispersed
duplications under the default criteria.

Conservation of chromosomal synteny around the BraAL
and ARF4 genes was derived from CoGe (http:/Avww.geno
mevolution.org/CoGe/GEvo.pl). The positions of the B. rapa
Aux/IAA and ARF genes in the blocks were verified by search-
ing for homologous genes between Ar. thaliana and the
three subgenomes of B. rapa (LF, MF1, and MF2) in BRAD
(http://brassicadb.org/brad/searchSynteny.php; Cheng et al.
2012). Circos software was used to draw the syntenic dia-
gram (Krzywinski et al. 2009).

Ks Analysis

The protein sequences of Aux/IAA and ARF from B. rapa were
aligned with their syntenic genes in Ar. thaliana using MUSCLE
(Edgar 2004). The protein alignments were translated into
coding sequence alignments using an in-house Perl script. K
(synonymous substitution rate) and K, (nonsynonymous sub-
stitution rate) values were calculated based on the coding se-
guence alignments using the method of Nei and Gojobori as
implemented in KaKs_calculator (Zhang et al. 2006). The K
values of all the syntenic orthologs between B. rapa and
Ar. thaliana were then plotted as the density and a boxplot
using the R program (Ihaka and Gentleman 1996). The diver-
gence time was calculated with the formula T = Ky/2r, with K
being the synonymous substitutions per site and r being the
rate of divergence for nuclear genes from plants. The r was
taken to be 1.5 x 10~8 synonymous substitutions per site per
year for dicotyledonous plants (Koch et al. 2000).

Phylogenetic and Molecular Evolution Analysis of the IAA
and ARF Gene Families

The full-length protein sequences of Aux/IAAs and ARFs were
aligned using the MUSCLE program with the default param-
eters (Edgar 2004). The phylogenetic relationship was con-
structed using the maximum-likelihood method in each
analysis. Bootstrap values were calculated with 1,000 replica-
tions using MEGAS.2 (Tamura et al. 2011).

The variation in selective pressures between the classes of
ARFs and Aux/IAAs were evaluated according to Yang et al.
(2013). The branch models of CODEML in PAML were used to
estimate o =(dp/ds) under two assumptions: A one-ratio
model that assumes the same o ratio for the two classes
and a two-ratio model in which the two classes were assigned
to different w ratios. To verify which of the models best fit the
data, likelihood-ratio tests (LRTs) were performed by compar-
ing twice the difference in log-likelihood values between pairs
of the models using a XZ distribution (Yang and Nielsen 2000).

Motif Identification and Exon—Intron Structural Analysis

To identify the conserved motifs of the Aux/IAAs and ARFs of
B. rapa, the online Multiple Expectation-maximization for
Motif Elicitation program version 4.9.0 (Bailey et al. 2009)
was employed among the amino acid sequences with the
default parameters, except for the following parameters:
Maximum number of motifs, 12; optimum motif width >20
and <120.

The position information of the Aux/IAA, ARF, and B3 do-
mains was obtained from the Pfam database, and the gene
structure information of the IAAs and ARFs was parsed from
the General Feature Format files of B. rapa using an in-house
Perl script. Then, the domain and exon-intron structures po-
sitions were drawn using the online program GSDS (http://
gsds.cbi.pku.edu.cn/; Hu et al. 2015).

304  Genome Biol. Evol. 8(2):302-316. doi:10.1093/gbe/ew259 Advance Access publication December 31, 2015


http://brassicadb.org/brad/
http://www.amborella.org/
http://www.phytozome.net/
Deleted Text: auxin response factor
http://pfam.xfam.org/
Deleted Text:  
Deleted Text: E<sup>-4</sup>
Deleted Text:  E<sup>-10</sup>
http://smart.embl-heidelberg.de/
http://www.ncbi.nlm.nih.gov/
http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
Deleted Text: a
Deleted Text: g
Deleted Text: .
Deleted Text: .
Deleted Text: <italic>.</italic>
http://chibba.pgml.uga.edu/mcscan2/
http://chibba.pgml.uga.edu/mcscan2/
Deleted Text: --
Deleted Text: E<sup>-05</sup>
Deleted Text: Duan, et&nbsp;al. 2014; 
Deleted Text: m
http://www.genomevolution.org/CoGe/GEvo.pl
http://www.genomevolution.org/CoGe/GEvo.pl
Deleted Text: -
http://brassicadb.org/brad/searchSynteny.php
Deleted Text: of 
Deleted Text: A
Deleted Text:  (ML)
Deleted Text: a
Deleted Text:  
Deleted Text:  
Deleted Text: e
Deleted Text: -
Deleted Text:  (MEME)
Deleted Text: m
Deleted Text:  
Deleted Text:  
Deleted Text:  (GFF)
Deleted Text: -
http://gsds.cbi.pku.edu.cn/
http://gsds.cbi.pku.edu.cn/

Evolutionary patterns of IAA and ARF genes in plant species

GBE

Orthologous Aux/IAA and ARF Gene Analysis among
Eight Plant Species

Among the eight plant species, the homologous Aux/IAA and
ARF genes were identified by the program OrthoMCL (http://
www.orthomcl.org/cgi-bin/OrthoMclWeb.cgi; Li et al. 2003)
with the default settings, which initially required an all-
against-all BLASTP, and then the relationships between the
genes were deduced by the MCL clustering algorithm. The
network of all the gene relationships was built using
Cytoscape software (version 3.1; Shannon et al. 2003).

Expression Pattern Analysis for Aux/IAA and ARF Genes
in Five Tissues

For expression profiling of the AuxIAA and ARF genes in
B. rapa, we utilized the lllumina RNA-seq data that were pre-
viously generated and analyzed by Tong et al. (2013). Five
tissues from B. rapa accession Chiifu-401-42, including root,
stem, leaf, flower, and silique, were analyzed. The transcript
abundance is expressed as fragments per kilobase of the exon
model per million mapped reads (FPKM) values. The Ar. thali-
ana development expression profiling was analyzed using the
AtGenExpress Visualization Tool with mean normalized values
(Schmid et al. 2005). The Venn diagrams were drawn using
the R program (lhaka and Gentleman 1996). Heat maps of the
gene FPKM values in B. rapa and mean-normalized values in
Ar. thaliana were visualized using Tree View (http://jtreeview.
sourceforge.net/).

Plant Materials

One of the Chinese cabbage cultivar (B. rapa ssp. pekinensis
cv. Chiifu) was used for the experiments. Seeds were surface
sterilized in 12% sodium hypochlorite and were germinated
on 0.5x Murashige and Skoog (MS) agar plates (0.7%) in a
growth chamber at 22°C in the dark for 2 days. The germi-
nated seeds were grown in pots containing a soil:vermiculite
mixture (3:1) in the greenhouse of Nanjing Agricultural
University, and the controlled environment growth chamber
was programed for 75% humidity, light 16 h/25°C and dark 8
h/20°C. At 4 weeks after germination, the seedlings were
placed onto new 1/2 MS liquid solution plates (pH 5.8, with-
out agar and sugar) for 1 week of acclimatization and then
were cultured in a control treatment or with treatments con-
taining 100 uM auxin (indole-3-acetic acid), 100uM 1-
naphthylphthalamic acid (NPA), 100 uM abscisic acid (ABA),
or 100 uM ethephon (Eth) for 0, 1, 4, and 12 h under the
same growth conditions as described earlier. Another group
of seedlings was treated at 4°C for 0, 1, 4, and 12 h. Each
treatment consisted of three replicates. All the samples were
frozen in liquid nitrogen and stored at —70°C for further
analysis.

RNA Isolation and Quantitative Real-Time PCR Analysis

Total RNA was isolated from 100 mg of frozen tissue using
an RNA kit (RNAsimply total RNA Kit; Tiangen, Beijing,
China) according to the manufacturer’s instructions. The
quality and quantity of every RNA sample was assessed by
agarose gel electrophoresis. The cDNA was synthesized from
the total RNA using a Prime Script RT reagent Kit (TaKaRa).
The specific sequences of the primers used for real-time
polymerase Chain Reaction (PCR) are listed in supplementary
table S2, Supplementary Material online. To check the
primer specificity, we used BLAST against the Brassica
genome. The reactions were performed using a Step one
plus Real-Time PCR System (Applied Biosystems, Carlsbad,
CA). The PCR parameters were as follows: 94 °C for 30's, 40
cycles at 94°C for 10 s, and 60°C for 30 s, and then a
melting curve (61 cycles at 65°C for 10 s) was generated
to check the specificity of the amplification. Relative fold
expression changes were calculated using the comparative
C; value method (Heid et al. 1996).

Pearson Correlation Analyses

Pearson correlation coefficients (PCCs) of stress-inducible Aux/
IAA gene pairs were calculated using a house Perl script based
on log,-transformed quantitative Real-Time (gRT)-PCR data
(Tang et al. 2013). The entire gene pairs whose PCC was
more than 0.8 and was significant at the 0.05 significance
level (P value) were collected for a gene coregulatory network
analysis. The coexpression networks were graphically visual-
ized using Cytoscape based on the PCCs of these gene pairs
(Shannon et al. 2003).

Results

Identification and Retention of Aux/IAA and ARF Genes
in Brassica rapa

Totally, 53 BralAAs and 33 BraARFs were obtained (supple-
mentary table S3, Supplementary Material online) in B. rapa.
Compared with Mun et al.'s (2012) reports, 2 ARF genes
(Bra015374, Bra020243) were added.

To investigate the copy number variation in Aux/IAAs and
ARFs during Brassica-specific WGT events, 87 and 69 B. rapa
syntenic regions with Ar. thaliana Aux/IAAs and ARFs, respec-
tively, were identified (supplementary fig. S2, Supplementary
Material online). Among them, 50 (96%) Aux/IAA homologs
and 27 (82%) ARF homologs were located in the syntenic
regions and identified in the B. rapa subgenomes (fig. 1A
and supplementary table S4, Supplementary Material
online). The results demonstrated that 57% (50/87) of the
Aux/IAA genes were retained in the syntenic regions, relative
to 39% (27/69) of the ARF genes (fig. 1A). Additionally, all
syntenic genes in Brassica oleracea and Brassica napa (C, sub-
genome and A, subgenome) were also identified, and the

Genome Biol. Evol. 8(2):302-316.  doi:10.1093/gbe/ew259  Advance Access publication December 31, 2015 305


Deleted Text: A
http://www.orthomcl.org/cgi-bin/OrthoMclWeb.cgi
http://www.orthomcl.org/cgi-bin/OrthoMclWeb.cgi
Deleted Text: ,
Deleted Text: mcl
Deleted Text: of 
Deleted Text: A
Deleted Text:  (AVT)
Deleted Text: -
http://jtreeview.sourceforge.net/
http://jtreeview.sourceforge.net/
Deleted Text: x
Deleted Text: &ordm;
Deleted Text: -
Deleted Text: m
Deleted Text: &deg;
Deleted Text: &deg;
Deleted Text: one
Deleted Text: &ordm;
Deleted Text: of 
Deleted Text: -
Deleted Text: &deg;
Deleted Text: r
Deleted Text: ,
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
Deleted Text: , USA
Deleted Text: &thinsp;&deg;
Deleted Text: &thinsp;&deg;
Deleted Text: &thinsp;&deg;
Deleted Text: ,
Deleted Text: &thinsp;&deg;
Deleted Text:  
Deleted Text: <italic>p</italic>
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: r
Deleted Text: g
Deleted Text: .
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
Deleted Text:  (2012)
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
Deleted Text: -
Deleted Text: Fi
Deleted Text: ,
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv259/-/DC1
Deleted Text: F
Deleted Text: of 

Huang et al.

GBE

retentions of B. oleracea and B. napa were similar to B. rapa
(supplementary table S4, Supplementary Material online).
Next, we specifically compared the retention of Aux/IAAs
and ARFs by counting the gene numbers of different dupli-
cated types, gene copies, and distributions of the three subge-
nomes. The results showed that both Aux/IAAs and ARFs
contained more segmental duplication (91% and 82%)
than other duplication types and above the B. rapa whole
genome level (57%), suggesting that segmental duplication
may be the major factor responsible for the expansion of
these genes in B. rapa from the MRCA. ARFs contained
more dispersed duplication than Aux/1AAs (fig. 1B).
Importantly, all the Aux/IAAs were retained, and most
(59%) were retained in two or three copies, which is signifi-
cantly greater than the retention of the ARFs (43%). On the

other hand, 35% of the ARFs were completely lost (fig. 10). In
addition, the proportion of Aux/IAA and ARF homologs re-
tained was higher in the LF subgenome than in the MF1 and
MF2 subgenomes, consistent with a previous report (Wang
et al. 2011). Among all the subgenomes, more Aux/IAA gene
homologs were retained than ARF gene homologs (fig. 1D).
Overall, the results confirmed that Aux/IAAs were more pref-
erentially retained than ARFs during diploidization following
WGT in B. rapa.

Ks Analysis of the Aux/IAA and ARF Genes in Arabidopsis
thaliana and Brassica rapa

The Aux/IAA and ARF syntenic orthologs between B. rapa and
Ar. thaliana were used to calculate the K and K values. In
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Fic. 1.—Aux/IAA and ARF homologous genes in the segmental syntenic regions of the genomes of Brassica rapa and Arabidopsis thaliana and their
different duplicated types and retentions. (4) Aux/IAA and ARF homologous genes in segmental syntenic regions of the genomes of B. rapa and Ar. thaliana.
Conserved collinear blocks of genes (green irregular lines) are shown between the ten B. rapa chromosomes (horizontal axis) and the five Ar. thaliana
chromosomes (vertical axis). The chromosomes are colored according to the inferred ancestral chromosomes following an established convention. Blue and
red dots indicate the Aux/IAA and ARF homologs, respectively, in the two species. (B) The different duplicated types (singleton, dispersed, proximal, tandem,
and segmental) of ARF and Aux/IAA were counted in B. rapa. Open boxes indicate the whole genome level. (C) Copy numbers of ARF and Aux/IAA genes
after genome triplication and fractionation in B. rapa. (D) Retention of homoeologs of ARF and Aux/IAA genes in the three subgenomes (LF, MF1, and MF2)
in B. rapa. LF: least fractionized subgenome; MF1: moderately fractionized subgenome; MF2: most fractionized subgenome. (B, C, and D) Red boxes indicate
ARFs and blue boxes indicate Aux/IAAs.
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total, 50 Aux/IAA and 27 ARF syntenic gene pairs were ana-
lyzed (supplementary table S5, Supplementary Material
online). The results indicated that the K,/K; ratios of all the
Aux/IAA and ARF syntenic orthologs were less than 1, repre-
senting purifying selection on the Aux/IAA and ARF genes. To
estimate the divergence time, the K; values of the B. rapa Aux/
IAA genes ranged from 0.2 to 0.6 and focused on approxi-
mately 3.9 (~13 Myr), while the ARF genes ranged from 0.3 to
0.55 and also focused on approximately 3.8 (~12.7 My; fig.
2A and B). Based on the K values of all the syntenic orthologs
in B. rapa relative to Ar. thaliana (~0.42-0.45, ~14.5 Myr;
Cheng et al. 2013), we concluded that the Aux/IAA and
ARF genes diverged concurrently with the Brassica-specific
WGT event (13-17 Ma; Wang et al. 2011). Specifically, the
K values of the BraARFs had one more peak than the BralAAs
at approximately 0.7 (~23.4 Myr; fig. 2A).

Expansion and Structural Characteristics of the Aux/IAA
and ARF Genes in Brassica rapa

All the Aux/IAA and ARF genes were distributed nonrandomly
on the GBs of ten B. rapa chromosomes and were named
BralAAO1 to BralAA53 and BraARFO1 to BraARF32 according
to the position of their corresponding genes on chromosomes
1-10, from top to bottom, as well as the order of their scaf-
folds (supplementary fig. S2 and table S3, Supplementary
Material online). BraAL was identified as an ARF gene by a
BLAST search and was the orthologous gene of ARF4 in
B. rapa, but lacked an ARF and even a B3 domain (supple-
mentary table S3, Supplementary Material online).

To investigate the extent of the lineage-specific expansion
of the Aux/IAA and ARF genes in B. rapa and Ar. thaliana, we
performed a joint phylogenetic analysis of all the Aux/IAAs and
ARFs, and the homologous genes were marked on the tree.
Then, the relationships of the Aux/IAA and ARF syntenic
orthologs between B. rapa and Ar. thaliana were displayed
(fig. 3). All the Aux/IAAs were clustered into three groups (A,
B, and C), similar to previous reports in Ar. thaliana
(Remington et al. 2004), while the ARFs were divided into
four groups (I, II, Ill, and IV), consistent with the reports in B.
rapa (Mun et al. 2012). In Finet et al's (2013) report, the ARFs
were clustered into three groups, in which groups | and Il from
our analysis were classified in the same group. Brassica rapa
and Ar. thaliana had 53 and 29 Aux/IAAs, respectively. There
were at least 28 ancestral IAAs in the MRCA of B. rapa and
Ar. thaliana. Both IAA14 and IAAT were homologs of
BralAA37, but instead of falling into the same clade as IAAT
and BralAA37 in the phylogenetic tree, IAAT4 paired with
BralAA36, which was gained after the split. Overall, B. rapa
has gained two Aux/IAAs and lost almost no genes. However,
there were eight ARFs from Ar. thaliana that were lost com-
pletely, and six ARFs from B. rapa were gained. All 14 genes
except BraARF20 were clustered into group | (fig. 3 and sup-
plementary table S3, Supplementary Material online). The

results demonstrate that both the ARF and Aux/IAA genes
expanded by segmental duplication mainly in B. rapa, al-
though some ARF group | genes were expanded by dispersal.
In addition, Aux/IAAs were more retained than ARFs (fig. 3).

Furthermore, the structural characteristics of BralAAs and
BraARFs were analyzed, including their motif locations and
gene structures (fig. 4). Overall, the length of the BraARFs
was longer than the BralAAs and the structures of these
genes were varied, but most of the genes were conserved
in the same class. In detail, 12 motifs included in Aux/IAA,
B3, ARF, and other domains were detected, demonstrating
that motif 1 and motif 3 (PB1 domain) were widely present in
BralAAs and BraARFs. However, BraAL was short and con-
tained only motif 1. To refine the relationship between
BraAL and the ARFs, three conserved collinear blocks flanking
the ARF4 orthologous gene were identified among three
B. rapa subgenomes and then investigated (Short for compar-
ative genomics; supplementary fig. S3, Supplementary
Material online). BraAL was clearly the orthologous gene of
ARF4, but might have lost domains or passed them on to sister
genes of ARFs during the evolutionary history.

Evolutionary History of the Aux/IAA and ARF Families in
Plants

To further understand the evolutionary history of Aux/IAAs
and ARFs in plants, seven other plant species, including
three eudicots (Ca. papaya, Po. trichocarpa, and V. vinifera),
one basal angiosperm (Am. trichopoda), one lycophyte
(S. moellendorffii), on physcomitrella (Ph. patens), and one
chlorophyta (Ch. reinhardtii), were used. Except in Ch. rein-
hardltii, we obtained 96 (20, 35, 23, 12, 4, and 2) Aux/IAAs
and 101 (11, 36, 19, 13, 8, and 14) ARFs in the six other
species. Furthermore, 25 (5, 2, 2, 8, 5, and 3) AL genes
were also found (supplementary table S3, Supplementary
Material online). The results supported the previous report
that Aux/IAAs and ARFs may have begun to function in land
plants (Finet et al. 2013) and confirmed the widespread exis-
tence of ALs in plants.

Phylogenetic trees for each species, including B. rapa,
Ar. thaliana, and six other species, were constructed, and
the motif locations were identified (supplementary fig. S4,
Supplementary Material online). In addition, the phylogenetic
relationships among all the genes of these plant species were
analyzed (fig. 54). Based on the phylogenetic trees, Aux/IAAs
and ARFs separated into two significant classes, while ALs
were more similar to ARFs than to Aux/IAAs. To further de-
termine the relationship among the three groups, the genetic
distance was analyzed (fig. 5B). The box plot showed that the
genetic distance of ARFs versus ALs was smaller than Aux/IAAs
versus ALs and Aux/IAAs versus ARFs, indicating that ALs had
a closer relationship with ARFs. In addition, the genetic dis-
tances of Aux/IAAs, ARFs, and ALs were similar, but the scope
of ARFs was the smallest, suggesting that the degree of
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Fig. 2.—Pairwise comparison of the K; values for Aux/IAA and ARF homologous genes in Brassica rapa and Arabidopsis thaliana. (A) The distribution of
the K values for Aux/IAA and ARF genes between Ar. thaliana and B. rapa. The lines representing the Aux/IAA and ARF genes are blue and red, respectively.
(B) Box plot of the K; values for the Aux/IAA and ARF genes between Ar. thaliana and B. rapa. Blue boxes indicate Aux/IAAs, and red boxes indicate ARFs.

sequence divergence of ARFs was lower than Aux/IAAs (fig.
5B). Simultaneously, the gene length, exon number, and exon
length of all the genes were analyzed (supplementary fig. S5,
Supplementary Material online). ARFs had the most exons
(focused on approximately 13) and the longest gene length
(focused on approximately 5,000 bp) among the three
groups.

The gene family sizes and the percentages of Aux/IAAs in
eight plants, including bryophytes, lycophytes, and angio-
sperms (fig. 5C and D), suggested that Aux/IAAs expanded
rapidly during evolution and further expanded in the
Brassicaceae. WGD is known to have significant impacts on
the expansion and evolution of gene families in plant ge-
nomes. Compared with Aux/IAAs, the expansion of ARFs
was more stable. However, along with the gradual increase
in the Aux/IAA percentage, the number of ALs grew smaller.
After the divergence of B. rapa and Ar. thaliana from MRCA,
only 1 BraAL existed.

The orthologous groups of Aux/IAAs, ARFs, and ALs among
all eight species were analyzed (Li et al. 2003). All 1,078
orthologous gene pairs and 825 coorthologous gene pairs
were identified (supplementary table S7, Supplementary
Material online). Then, the networks of all the orthologous
gene pairs were constructed (supplementary fig. S6,
Supplementary Material online). The five AL genes were clus-
tered with ARF genes, and none paired with Aux/IAA genes,
confirming the closer relationship between ARF and AL. In

addition, there were less orthologous gene pairs in the Aux/
IAA genes than in the ARF genes, suggesting that the IAA
genes may have diversified and obtained more functions fol-
lowing the rapid expansion. According to our findings, the
evolutionary history of Aux/IAAs and ARFs in the plant king-
dom was constructed (fig. 5E).

Expansion History of the Aux/IAA and ARF Genes in
Eudicots

Based on the two phylogenetic trees of all of the Aux/IAAs and
ARFs, we attempted to reconstruct the expansion history of
the two gene families (supplementary fig. S7, Supplementary
Material online). In all eight species, ARFs and Aux/IAAs were
mainly divided into four and three groups, respectively, which
we named groups | to IV and groups A to C according to the
classification of Ar. thaliana (Remington et al. 2004). In sup-
plementary figure S7A, Supplementary Material online, we
found that the S. moellendorffii and Ph. patens Aux/IAAs
(yellow squares and green triangles) were independent and
clustered primarily into group A (supplementary fig. S7C and
D, Supplementary Material online), while all three groups ex-
isted in Am. trichopoda (red balls). All the major subgroups of
Aux/IAAs existed in angiosperms and then expanded rapidly,
accompanied by WGD. Meanwhile, unlike the Am. trichopoda
ARFs (red balls), which were distributed into all four groups,
the ARFs of S. moellendorffii and Ph. patens (yellow squares
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Fig. 3.—Phylogenetic tree and syntenic relationship among Aux/IAA and ARF genes in Brassica rapa and Arabidopsis thaliana. Collinear correlations of
Aux/IAAs and ARFs in the Ar. thaliana and B. rapa genomes are displayed by Circos. The B. rapa and Ar. thaliana chromosomes are colored according to the
inferred ancestral chromosomes following an established convention. In the phylogenetic tree, Aux/IAAs were clustered into three groups (A, B, and C) and
ARFs were divided into four groups (I, II, lll, and V). Arabidopsis thaliana and B. rapa are indicated by green squares and grey circles, respectively. Open

squares and circles mean that the genes are nonsyntenic orthologs.

and green triangles) were mainly clustered into groups lll and
group 1V, indicating that groups Ill and IV may have appeared
prior to groups | and Il and that all four groups originated from
duplication events prior to the y event (supplementary fig. S7A
and B, Supplementary Material online). After the y WGD,
rounds of duplication, loss, and rearrangement took place in
the ARFs.

Divergence of the Selective Pressure between the Class |
and Class Il Genes

In their evolutionary footprint, compared with class | (ARFs and
ALs), class Il (Aux/IAAs) showed rapid expansion in plant spe-
cies, including B. rapa, Ar. thaliana, and 6 other species.
Especially in B. rapa, the number of Aux/IAAs was the largest.
To infer the influence of selection on the expansion of Aux/
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IAA genes, we evaluated the different selective pressures be-
tween the two classes (Yang 2007; supplementary table S8,
Supplementary Material online). For the B. rapa genes, the
log-likelihood values under the one-ratio and two-ratio
models were logel = —90597.557345 and —90558.
660972, respectively. The LRT showed that the two-ratio
model was not equal to the null model (one-ratio model),
suggesting that the selective pressure differed significantly be-
tween the two classes (P < 0.0001). Under the two-ratio
model, the ® values for B. rapa classes | and Il were 0.2263
and 0.3355, respectively, indicating that the B. rapa class |l
(AuxIAA) genes were under more relaxed selection con-
straints than the class | genes (ARFs and ALs). Except for
Am. trichopoda, six other species were similar to B. rapa,
where class Il (Aux/IAA) genes had higher @ values than
those of their class | genes. The relaxed pressure may lead
to the Aux/IAA genes expanding rapidly and diversifying to
adopt more functions.

Expression Divergence of the Aux/IAA and ARF Genes in
Different Tissues of Brassica rapa and Arabidopsis
thaliana

To investigate the divergence of homologs, the expression
patterns of Aux/IAAs and ARFs in five tissues, including the
roots, stems, leaves, flowers, and siliques of Ar. thaliana and
B. rapa, were analyzed in this study (supplementary fig. S8 and
tables S9 and S10, Supplementary Material online). Among
the 56 ARFs (including 23 AthARFs and 33 BraARFs), 9 (ARF6,
ARFS8, ARF9, ARF21, ARF22, BraARF25, BraARF27, BraARF28,
and BraAL) were not expressed and 2 (BraARF15 and
BraARF30) were barely expressed in any tissue. Notably,
eight of the ARFs belonged to group |, and five BraARFs
were nonsyntenic orthologs. The rest of the AthARFs and
BraARFs were expressed in at least one tissue. In addition, a
total of 26 (81%) BraARFs had high expression levels (FPKM
value > 5) in at least one tissue, 11 BraARFs were expressed
highly in all 5 tissues, and only 1 (BraARFT) gene was selec-
tively expressed highly in a specific tissue (flower; fig. 6 and
supplementary table S10, Supplementary Material online).
However, among all 82 Aux/IAAs, only 4 (IAA15, BralAAS,
BralAA29, and BralAA38) were not expressed and 1 gene
(BralAA18) was barely expressed in any tissues. In contrast,
42 (79%) BralAAs were highly expressed. Among them, ten
were expressed in all five tissues and nine showed high ex-
pression in specific tissues (fig. 6). Above all, the expression of
BralAAs was more tissue-specific than the BraARFs, suggest-
ing that Aux/IAAs might play more specific and important
roles in tissue development.

Expression Divergence and Coregulatory Networks of
IAAs Under Multiple Treatments in Brassica rapa

Gene expression is not only usually tissue specific but is also
hormone or stress induced. Additionally, parts of the growth

and developmental processes were regulated by crosstalk be-
tween auxin and other hormones (ethylene and ABA) accord-
ing to previous reports (Muday et al. 2012; Zhao et al. 2015).
Moreover, auxin was confirmed as a regulator of cold stress
response (Rahman 2013). To recover all the divergence infor-
mation of BralAA homolog genes, the expression patterns
following different hormone, including auxin (indole-3-acetic
acid), NPA, ABA, and Eth, and cold treatments, were analyzed
(fig. 7A). We used exogenous auxin and NPA (an auxin trans-
port inhibitor) to control the auxin level of B. rapa leaves.
Among the 53 isolated Aux/IAAs, most of them were upreg-
ulated by auxin and downregulated by NPA. In contrast to
NPA treatment, most genes were upregulated following the
cold treatment. Meanwhile, the counts of upregulated and
downregulated genes were similar between the ABA and
Eth treatments. During all four hormones and cold treatments,
except BralAA16, 29, 32, 33, and 38, all the BralAAs were
induced to some extent. We found that BralAA35, 30, 23, 16,
and 20 were significantly induced in response to auxin, NPA,
ABA, Eth, and cold treatments, respectively. Then, we inves-
tigated the expression trends among 14 duplicate gene
groups which identified based phylogenetic tree and syntenic
relationship (supplementary fig. S9, Supplementary Material
online). Among these duplicate genes, there were four types
of expression patterns. First, all duplicate genes were ex-
pressed in the same trend under all treatments, for example,
BralAA26/07/11, suggesting that the duplicate genes might
have similar functions. Second, all duplicate genes were ex-
pressed under the same treatment but in different trends
(e.q., BralAAQ1/17). Third, the duplicate genes were induced
under different treatments (e.g., BralAA21/10). These two
types of expression patterns suggested that the functions of
these duplicate genes might diverge. Finally, one gene was
expressed in response to one or all specific treatments, while
the other was not detected under any treatments, for exam-
ple, BralAA02/38, suggesting that one duplicate gene may
have become a pseudogene or evolved into a new function
which was not identified in this study. These data were con-
sistent with the hypothesis that Aux/IAA genes gained func-
tional diversification and were retained to adapt to different
environments.

Coregulatory networks were established based on the
PCCs of stress-inducible BralAA gene pairs (supplementary
table S11, Supplementary Material online). All the BralAAs
appeared to have different degrees of positive correlations.
Next, 34 BralAAs with PCC values that were significant at
the 0.05 significance level and were greater than 0.8 were
collected and visualized to construct hormones and cold stress
coregulatory networks (fig. 7B). Most correlations occurred
among members belonging to the same group, suggesting
that the gene duplication not only led to functional divergence
but also enhanced the cooperative interaction of homologs to
help plants adapt to their complex environments.
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Fig. 6.—Venn diagram depicting the distribution of shared expression of the ARF (4) and Aux/IAA (B) genes among five Brassica rapa tissues, that is,
root, steam, leaf, flower, and silique. The FPKM values are more than five counted in the different tissues.
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relative expression values. These expression profile data were obtained using qRT-PCR. (B) The coregulatory networks of stress-inducible BralAAs were
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The different edge line styles indicate the different significance levels of the coregulated gene pairs.

08<PCC=10
08=<PCC<09

Genome Biol. Evol. 8(2):302-316. doi:10.1093/gbe/ew259 Advance Access publication December 31, 2015 313



Huang et al.

GBE

Discussion

During their long evolution history, all extant angiosperms are
believed to have undergone at least one and often multiple
WGD events, which provided opportunities for duplicated
genes to gain functional diversification, resulting in more com-
plex organisms (Ohno 1970; Edger and Pires 2009; Jiao et al.
2011). Typically, WGD is followed by substantial gene loss
(fractionation). However, based on the gene balance hypoth-
esis, genes whose products participate in macromolecular
complexes or in transcriptional or signaling networks are
more likely to be retained, thus avoiding network instability
caused by the loss of one member (Birchler and Veitia 2007
Lou et al. 2012). The Brassica genus is composed of many
diverse species, and each species contains rich morphotypes
showing extreme traits. Brassica rapa experienced a complex
WGD history, including v, B, and o events and an additional
WGT event, providing an excellent chance to study the rela-
tionship between gene family fractionation and changes in
plant morphotypes (Wang et al. 2011; Cheng et al. 2013).
As we know, two related gene families of interest in high
plants, which are the main components of the auxin signaling
pathway that plays a key role during plant development, code
for the ARF and Aux/IAA proteins. The evolutionary history of
ARF in land plants has been investigated in detail (Finet et al.
2013). In previous reports, ARF genes were divided into three
groups in Ar. thaliana and even land plants or four groups in
B. rapa (Mun et al. 2012; Wang, Deng, et al. 2012; Wang,
Tang et al. 2012; Finet et al. 2013). In this study, 53 Aux/IAAs
and 33 ARFs were identified in B. rapa. The Aux/IAA genes
were divided into three groups, but ARFs were clustered into
four groups, consistent with Mun et al.’s (2012) reports.

By comparing the number of different duplicated types,
gene copies, and distribution of the three subgenomes, we
found that all the AthIAA orthologs were retained in B. rapa;
in contrast, eight AthARF orthologs were completely lost. Aux/
IAAs were more preferentially retained than ARFs since the
split between B. rapa and Ar. thaliana from the MRCA. What
is the relationship between them? Were the AuxIAAs more
retained because they were more important than the ARFs in
the network, or were there other reasons? To answer these
questions, we analyzed all the Aux/1AAs and ARFs in eight
species. Each of the duplicated genes, including the Aux/IAA
and ARF genes, could subsequently follow one of three broad
fates: Subfunctionalization, neofunctionalization, and non-
functionalization (deletion or pseudogenization) (Innan and
Kondrashov 2010). In previous reports, even the most recently
diverged paralogs differed in their catalytic efficiency, expres-
sion, and/or substrate spectrum, suggesting that duplicates
have a relatively high rate of rapid divergence in function
(Lan et al. 2009). Furthermore, the genes that acquired new
functions were more preferentially retained. Compared with
ARFs, Aux/IAAs expanded rapidly from moss (Ph. patens) to
high plants and even expanded more extensively in B. rapa

than in the other eight species. Moreover, the Aux/IAAs were
under more relaxed selection constraints than the ARFs in
most of the eight species, which allowed new duplicate
genes to diverge into new tissue-specific expression patterns
or functions (Yang et al. 2013). In addition, comparing the
tissue expression pattern among the Aux/IAA and ARF genes
in B. rapa and Ar. thaliana, most of the genes maintained
similar expression patterns, but Aux/IAAs demonstrated
higher tissue specialization, suggesting that Aux/IAAs ob-
tained more subfunctionalization and neofunctionalization
than ARFs, which suggest why plants need to retain more
Aux/IAAs. However, gene duplication has also played a
major role in the functional diversification of the ARF family.
Alternative splicing, a mechanism previously found to operate
on the ortholog of ARF4 in Am. trichopoda (Finet et al. 2010)
was found to operate more widely in the ARF family (Finet
et al. 2013). Therefore, ARFs could achieve more functions
using fewer genes than Aux/IAAs to adapt to the increasingly
complex network. This may explain why more Aux/IAAs were
retained than ARFs.

Both Aux/IAAs and ARFs have a common domain, the PB1
protein—protein interaction domain (previously referred to
domain Il and domain IV as or domain llIi/IV), in their C termini
(supplementary fig. S4, Supplementary Material online). In ad-
dition, most ARF proteins also have a B3 domain and a middle
domain (Guilfoyle 2015). Based on previous reports, both Aux/
IAAs and ARFs were found in the Ph. patens genome, indicat-
ing that aspects of Aux/IAA function have also been conserved
in land plants and that the ARF domain is a land plant inno-
vation (Imaizumi et al. 2002; Finet et al. 2013). In 2015, Wang
et al. found the homologs or orthologs of Aux/IAAs and ARFs
in several charophytes (N. mirabilis, P. margaritaceum, and K.
flaccidum). In addition, the Aux/IAA ortholog of K. flaccidum
contained all of the typically conserved domains, |, Il, and PB1,
of the Aux/IAA proteins, but in N. mirabilis, the orthologs only
contained the domain PB1. The ARF ortholog was not identi-
fied in the K. flaccidum genome, but was found in the
genome of N. mirabilis. However, ARF genes found in chlor-
ophyta did not completely encode ARF-like proteins; while
they had a B3 domain and PB1 domain, they lacked the
Auxin_resp domain (De Smet et al. 2011; Finet et al. 2013).
In our study, we identified these two gene families in B. rapa
using both the HMM software package and the BLAST pro-
gram. In addition to typical Aux/IAAs and ARFs, a type of ARF-
like protein that lacks the ARF domain and even the B3
domain was also obtained and named AL. We identified AL
in seven other species when we identified the Aux/IAAs and
ARFs. Most of them were identified as Aux/1AAs by the HMM
software package, but our results suggest that AL had a closer
relationship with the ARFs through the following analyses: 1)
phylogenetic relationships, 2) ortholog groups, 3) synteny
analysis, and 4) genetic distance. Thus, the orthologs of
Aux/IAAs and ARFs in charophytes could be considered to
be ALs. Meanwhile, we found that in contrast to Aux/IAAs
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and ARFs, the number and percent of ALs were decreasing
over the evolutionary history. In B. rapa, BraAL was the ortho-
logous gene of ARF4, but it was not expressed in any tissue or
under any treatment evaluated in this experiment, suggesting
that it might be pseudogenized. Overall, we estimated that
perhaps, at the beginning, both Aux/IAAs and ARFs originated
from the PB1 domain, and then Aux/IAAs become stable
(fig. 5E). At the same time, ALs, as incompletely evolved
ARFs, were involved in the development of the ARF genes
and were increasingly lost, until no AL gene existed in Ar.
thaliana and only one gene existed in BraAL. However, the
relationship between the decrease in ALs and the increase in
Aux/IAAs must be further explored.

In the evolution of land plants, the differential distribution
of auxin results in the diverse morphology of plants (Ludwig-
Muller 2011; Wang et al. 2015). After complex gene duplica-
tions, in most high plant genomes, multiple paralogs exist for
each part of the auxin nuclear signaling pathway. This poten-
tial to combine diverse portions of signaling pathways likely
contributes to the myriad of context-specific responses to
auxin and increases the pathway complexity (Rensing 2014;
Wright and Nemhauser 2015). Brassicas plants have rich di-
versity with respect to both speciation and the abundant mor-
photypes in each Brassicas species (Cheng et al. 2014). The
species share many traits, but developed independently and in
parallel. For example, B. rapa, B. oleracea, and B. napa all have
the distinct feature of a leafy head; turnip develops enlarged
roots as storage organs; caixin and purple caitai have long and
tender stems; and some morphotypes of B. rapa and B. oler-
acea have developed beautiful leaf patterns and colors and are
therefore used as ornamental plants (Cheng et al. 2014). In
our study, nearly all the Aux/IAAs and most of the ARF genes
were retained in B. rapa. In addition, the Aux/IAAs of B. oler-
acea and B. napa were also retained completely. Compared
with Ar. thaliana, the expression patterns of the BralAAs ex-
hibited more tissue-specific expression and functional diversi-
fication under different stress treatments. Their coregulatory
networks demonstrated that the gene duplication enhanced
the cooperative interaction of homologs to adapt to the en-
vironment. Following WGT, the BraARFs obtained new genes
and new functions by alternative splicing, which should be
further explored. The large number of Aux/IAAs and the di-
verse transcriptional mechanism of ARFs created a large com-
plex auxin signaling network, which may lead to more
complex organs and more morphotypes. Overall, we firmly
believe that the changes in Aux/IAAs and ARFs during the
WGT event played a crucial role in the expansion of rich mor-
photypes in the genus Brassicas.

Supplementary Material

Supplementary figures S1-S9 and tables S1-S11 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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