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Abstract
Auxin response factors (ARFs) are a class of transcription factor that direct plant gene responses to auxin, and which is critical for plant growth and
development. Macleaya cordata, a medicinal plant species from the Papaveraceae family, has not yet been subjected to a genome-wide investigation of the
ARF gene family. We identified ARFs in Macleaya cordata using bioinformatic approaches and studied their structure, chromosome distribution, conserved
protein domains, phylogenetic trees, and expression profiles. As a result, 17 ARFs in Macleaya cordata were discovered, all of which had the Auxin-resp
domain and B3 DNA binding domain. In Macleaya cordata, fragment replication events were discovered in four gene pairs, but no tandem repeats of the ARF
genes were observed. ARF5, ARF3, ARF8, and ARF16 were all substantially expressed in the roots, which suggested they might be involved in plant stress
responses. Furthermore, the expression of ARF8 and ARF16 altered significantly when exposed to salt and cold stress. This result adds further evidence that
these two ARF genes may have a function in plant stress tolerance. Our findings lay the groundwork for understanding the molecular basis and regulatory
mechanisms of ARFs in Macleaya cordata.

Introduction
The auxin response factor (ARF) family is a plant-specific family of transcription factors that can specifically bind to the auxin response element (AuxRE;
TGTCTC) in the promoter region of auxin responsive genes to activate or inhibit gene expression [1–3]. Most ARF proteins have three conserved domains:
the B3 DNA binding domain, with DNA binding activity, is responsible for direct binding to AuxREs in the upstream promoter region of a gene as regulated by
auxin; the Auxin-resp domain, which can activate or inhibit transcript activity; and the Aux-IAA domain, which is a region that mediates the homodimerization
and heterodimerization of Aux/IAAs and ARFs to regulate the expression of downstream auxin-responsive genes (ARGs) via different combinations of ARFs
and AuxREs [1, 2, 4].

The ARF gene families of many plants have been systematically analyzed, for example, 23 ARF genes in Arabidopsis thaliana, 31 ARF genes in Zea mays,
and 25 ARF genes in Oryza sativa have been identified [5–9]. The function of some ARF genes has also been identified [3, 5, 10]. AtARF5 (MONOPTEROS)
was the first ARF gene identified by map-based cloning in plants, and it plays an important role in the process of embryo establishment and the normal
formation of vascular tissue [10]. Furthermore, AtARF7 and AtARF19, the most widely studied ARF genes in Arabidopsis, display some redundancy in
function and play an important role in lateral root development [11–13]. Attia et al. [14] used transgenic rice lines to demonstrated that reduction in the
expression of the OsARF1 gene, resulted in low seedling vigor, stunting, short leaves, leaf curling, and sterility, indicating that OsARF1 is important for the
development of vegetative and reproductive organs effect in rice.

Macleaya cordata (with the Chinese name “Bo-luo-hui”) is a perennial herb that belongs to the Papaveraceae family and is typically prescribed as a
traditional antibacterial medicine [15, 16]. The whole-genome sequencing of Macleaya cordata was completed in 2017, which laid a good foundation for
molecular biology research of the Macleaya cordata plant [17]. In contrast to other plants, there are currently no reports on the analysis of the ARF gene
family in Macleaya cordata, and thus no bioinformatics or expression analyses has been performed for this species. Therefore, a systematic analysis of the
ARF gene family must first be conducted based on the complete genome sequence of Macleaya cordata. This study uses bioinformatic methods to identify
ARF genes across the genome in Macleaya cordata and analyzes their genic structure, chromosome distribution, conserved protein domains, molecular
evolution, and expression profiles in order to lay the groundwork for further research into this highly important family of plant-specific transcription factors.

Materials & Methods

Data collection and identification
The Macleaya cordata genome was obtained from the National Center for Biotechnology Information (NCBI)[17]. We identified all potential protein
sequences in the Macleaya cordata genome using BLAST and HMMER (E-value 1e-5) [18, 19] and utilized the Pfam database to validate the existence of the
B3, Auxin resp, and AUX IAA domains in previously reported ARFs [20].

ExPASy software was used to calculate the isoelectric point (pI) and molecular weight (MW) of the ARFs in Macleaya cordata [21]. WoLF PSORT software
was used to predict the subcellular localization of ARFs in Macleaya cordata.

Analysis of the motif, domain, and chromosome distribution
MEME was used to find ARF protein motifs in Macleaya cordata ARF gene family members [22]. The domain of the ARF proteins in Macleaya cordata was
confirmed using the CD-Search Tool [23]. TBtools was used to visualize the analysis findings of the motif and domain analysis of the Macleaya cordata ARF
gene family members [24].

Multiple sequence alignment, phylogenetic tree construction, and selection pressure
analysis
PlantTFDB was used to obtain all deposited ARF gene sequence of these two model plant species (Arabidopsis thaliana and Oryza sativa) (Supplementary
Materials Data 1) [25]. All the ARFs in the three species analyzed in this study were aligned and compared using Clustal Omega software [26]. Based on the
alignment findings, we utilized MEGA X (10.0.5) software to build the neighbor-joining (NJ) and maximum-likelihood (ML) trees (Poisson correction and
bootstrap = 1,000 repetitions) [27]. EvolView software was used to curate the created NJ tree [28, 29]. The Ka/Ks value of the homologous ARFs in Macleaya
cordata was calculated using the MCScanX software and KaKs Calculator 2.0 software [30–33].

Analysis of the promoter cis-acting elements
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PlantCare was used to investigate the numerous cis-acting elements in Macleaya cordata ARF promoter sequences [34] and TBtools was used to visualise
the generated data [24].

Analysis of gene expression
Three groups of two-year-old full-flowering Macleaya cordata with favorable and consistent growing conditions were selected for analysis. The control group
received no treatment. Treatment 1 was sprayed with 200 mol L-1 NaCl for 3 days, whereas treatment 2 was cultivated at 4°C for 3 days. Based on Trizol
method, total RNA was extracted from the roots, stems, leaves, and flowers of control and treated Macleaya cordata plants using a plant RNA extraction kit
(V1.5) (DNase I) (Chengdu Biofit Biotechnologies Co., Ltd). The reverse transcription kit was HiScript II Q Select RT SuperMix for qPCR (+ gDNA wiper)
provided by Vazyme (http://www.vazyme.com/). The reaction solution was prepared on an ice box, and the reverse transcription reaction was performed
immediately after adding the sample to mix by gently patting. A more specific qPCR process was performed as described previously [35]. The relevant data
of the primers for amplification are shown in Supplementary Materials Data 2. Three independent biological replicates were used for this experiment. The
expression data in Macleaya cordata represents the standardized base number and average value for distinct tissues and developmental phases and is
utilized by R software to build a heat map representation. The Spearman correlation distance was used to group genes with similar expression
characteristics.

Results
Identification and analysis of ARFs in Macleaya cordata

In our investigation, we utilized local BLAST searches to find sequences with high similarity to Arabidopsis thaliana ARFs (E < 0.001), then it was merged
with the Hmmer analysis to find sequences including the Auxin-resp domain (PF06507) and the B3 DNA binding domain (PF02362) as candidates for actual
ARF genes in Macleaya cordata. Multiple alternate splicing sequences originating from the same location in the Macleaya cordata genome were found in
the candidate sequences, and the longest transcribed sequence was selected for additional screening to determine all putative ARF candidates. To further
characterize specific sequences, we employed the SMART domain database. The incomplete sequences in the discovered coding area were deleted, resulting
in the identification of 17 ARF genes in the Macleaya cordata genome (Table 1). We discovered substantial changes in the physical and chemical
characteristics of the 17 ARF protein sequences by examining their physical and chemical properties: the amino acid (AA) length of the ARF proteins range
from 382 (ARF14) to 1,164 AA (ARF11), while the length of the coding region was from 1,146 (ARF14) to 3,492 base pairs (bp) (ARF11), the molecular weight
ranged from 42,681.72 (ARF14) to 129,457.11 Da (ARF11), and the isoelectric point ranged from 5.42 (ARF6) to 8.39 (ARF14).

 
 

Table 1
Basic information of the auxin response factors (ARFs) in Macleaya cordata. At, Arabidopsis thaliana; pI, isoelectric point; ORF, open reading frame.

Name Locus Homologous
Genes in At

Scaffold Start End Strand pI MW (Da) Protein
(aa)

ORF
(bp)

Subcellular
Localization

ARF1 rna397 AT4G23980.1 MVGT01002338.1 442,300 446,922 + 6.94 84,711.97 761 2283 nucl

ARF2 rna643 AT1G30330.1 MVGT01001648.1 436,289 444,624 − 6.15 110,372.07 1009 3027 nucl

ARF3 rna1763 AT1G30330.1 MVGT01001357.1 131,747 140,026 − 6.01 107,621.25 964 2892 nucl

ARF4 rna3297 AT4G30080.1 MVGT01002031.1 303,492 306,455 + 6.66 76,582.34 698 2094 nucl

ARF5 rna5176 AT5G60450.1 MVGT01001732.1 662,290 669,001 + 5.89 95,333.13 865 2595 nucl

ARF6 rna6659 AT1G19850.1 MVGT01001340.1 224,273 229,838 + 5.42 105,853.15 962 2886 nucl

ARF7 rna6914 AT4G23980.2 MVGT01001025.1 257,367 261,233 + 6.03 78,990.78 710 2130 nucl

ARF8 rna8226 AT4G30080.1 MVGT01000437.1 3,382,482 3,385,897 + 6.49 79,758.84 729 2187 nucl

ARF9 rna8271 AT5G60450.1 MVGT01000437.1 3,737,980 3,743,427 + 5.66 89,133.92 803 2409 nucl

ARF10 rna8683 AT5G62000.3 MVGT01000438.1 1,298,346 1,303,370 + 5.94 93,528.96 842 2526 nucl

ARF11 rna11116 AT1G19220.1 MVGT01000213.1 661,537 668,552 − 5.94 129,457.11 1164 3492 nucl

ARF12 rna14079 AT1G19220.1 MVGT01001693.1 59,014 67,293 + 6.22 128,851.22 1146 3438 nucl

ARF13 rna15418 AT1G59750.1 MVGT01004210.1 144,756 152,688 + 5.94 85,076.81 764 2292 nucl

ARF14 rna15781 AT1G77850.1 MVGT01002935.1 194,920 196,065 + 8.39 42,681.72 382 1146 cyto

ARF15 rna17460 AT5G37020.1 MVGT01002401.1 77691 87,128 − 5.88 97,347.21 875 2625 nucl

ARF16 rna21466 AT5G62000.3 MVGT01002051.1 1,412,338 1,417,403 − 6.7 96,563.23 871 2613 nucl

ARF17 rna21764 AT5G62000.3 MVGT01000924.1 961,249 966,266 + 5.8 75,377.31 672 2016 nucl
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According to these findings, all ARF proteins in Macleaya cordata were found to contain the Auxin-resp domain (PF06507) and the B3 domain (PF02362)
(Fig. 1). Except for AtARF12, McARF14, AtARF13, AtARF18, McARF4, and McARF8, the C-terminus of all other ARF protein sequences contained the Aux-IAA
domain (PF02309). This suggests that the encoding ARF proteins of Macleaya cordata may have function in a similar manner to the ARF proteins of
Arabidopsis thaliana, and may enhance apical dominance, lateral root formation, floral organ development, and the response to environmental stress.

To investigate the conservation and diversity of ARF proteins further, 10 conserved motifs (E < 0.1) were found and examined using the MEME database
(Fig. 2 and Supplementary Figure S1). Except for ARF14, which lacks motif5, all the analyzed ARF proteins have list motifs in numerical order motif2, motif6,
motif10, motif1, motif3, motif5, motif4, and motif8. We discovered that motif9 and motif7 together make up the Aux-IAA domain. The motif sequence
schematic presented in Supplemental Figure S1 showed a high similarity of motifs contained within the three domains of the ARF proteins, demonstrating
that these three domains are highly conserved in the ARF family.

Evolutionary analysis of the ARFs in Macleaya cordata
To better understand the diversity and evolutionary connections of the ARF proteins in Macleaya cordata, we employed a collection of ARF sequences to
construct the phylogenetic tree, including the 22 AtARFs, 27 OsARFs, and the 17 McARFs used in this work. The tree was constructed using two methods: NJ
(Fig. 3) and ML (Supplementary Figure S2). 

The ARFs of the three plant species focused on in our study are clearly split into five branches. Arabidopsis thaliana ARF protein and Macleaya cordata ARF
protein are the most closely linked, while rice ARF proteins were revealed to be more distantly related. This ARF protein grouping is consistent with the
general evolutionary connection of these plants.

Homology and selective pressure analysis of the ARF genes in Macleaya cordata
The two basic mechanisms for gene family expansion are fragment replication and tandem duplication. We used BLASTP and MCScanX to identify
collinear genes with which to analyze the amplification pattern of the ARF gene family in Macleaya cordata. Four gene pairs, ARF1 and ARF7, ARF2 and
ARF3, ARF4 and ARF8, and ARF10 and ARF16, were shown to have fragment duplication events. Tandem repeats of individual ARF genes were not
discovered in any of the ARF genes in Macleaya cordata. This shows that fragment replication is the primary method of ARF gene family expansion in
Macleaya cordata.

Then, we calculated the Ka/Ks (the ratio of the number of nonsynonymous substitutions per nonsynonymous site (Ka) to the number of synonymous
substitutions per synonymous site (Ks)) of the segmentally duplicated ARF genes in Macleaya cordata using the KaKs Calculator 2.0 to further investigate
the potential evolutionary mechanism of the ARF genes in Macleaya cordata. We hypothesized that if Ka/Ks = 1, this gene was subjected to pure selection.
The results demonstrate that all analysed ARF gene pairs returned values significantly less than one (Table 2), implying that they were subjected to highly
purifying selection during evolution.

 
Table 2

Ka/Ks of the ARF genes in Macleaya cordata. The results were calculated and
generated by MCScanX and KaKs Calculator 2.0. Ks: synonymous substitution rate;

Ka: nonsynonymous substitution rate.
Seq_1 Seq_2 Ka Ks Ka_Ks EffectiveLen Average

S-sites N-sites

ARF1 ARF7 0.18 0.91 0.20 2106 483.50 1622.50

ARF2 ARF3 0.15 0.78 0.20 2871 661.25 2209.75

ARF4 ARF8 0.10 0.83 0.12 2088 496.08 1591.92

ARF10 ARF16 0.14 0.77 0.19 2505 576.50 1928.50

 

Cis-element analysis of the ARF gene promoters in Macleaya cordata
PlantCare was used to investigate the promoter regions (CDS upstream 2,000 bp) of the ARF genes identified in Macleaya cordata. As shown in Fig. 4, even
gene pairs that are evolutionarily related to each other can have variances in cis-elements. Most ARFs, in particular, had cis-elements linked to jasmonate
acid induction, anaerobic response, and light responsiveness. This may indicate that they are transcriptionally responsive to such environmental conditions.
Cis-elements associated to auxin induction were identified in the promoter regions of ARF1, ARF2, ARF4, ARF5, ARF7, ARF10, ARF12, ARF13, ARF14, ARF15,
and ARF16.

Expression of ARFs in Macleaya cordata
We used RT-qPCR to examine the tissue-specific expression pattern of each ARF gene to further understand the features and functional impacts of ARF
genes in Macleaya cordata. The heatmap depicts the findings of ARF expression in four Macleaya cordata tissues (i.e., flowers, leaves, stems, and roots)
(Fig. 5).



Page 5/11

The 17 ARFs were grouped into five subgroups based on their expression domains. Tissue specificities differed between groupings. Only ARF11 was found
to be strongly expressed in flowers, suggesting that it may play a role in floral development. ARF5, ARF8, ARF3, and ARF16 were found to be strongly
expressed in roots, suggesting that they may mediate roles in responding to the surrounding environment. The high expression of ARF3 and ARF6 in leaves
suggests that these two ARFs may play roles in leaf growth and development. ARF6, ARF12, and ARF17 were found to be highly expressed in stems. ARF1,
ARF9, ARF10, and ARF15 were found to be strongly expressed in the leaves and stems. The expression of ARF2, ARF4, ARF7, ARF13, and ARF14 was
revealed by RT-qPCR to be highly concentrated in stem and root tissues. The low expression of ARF1, ARF6, ARF9, ARF10, ARF12, ARF15, and ARF17 in roots
may suggest that they have an inhibitory effect on root growth and development, but further experimental verification is needed.

The gene expression analysis revealed that several ARFs (ARF3, ARF5, ARF8, and ARF16) had a high level of expression in the roots. High levels of gene
expression in the root system of a plant may indicate a role for the gene in responding to environmental stress, thus we used RT-qPCR to further examine the
expression of ARF3, ARF5, ARF8, and ARF16 in Macleaya cordata plants exposed to salt and cold stress. As shown in Fig. 6, under the conditions of salt and
cold stress, the expression of each assessed ARF changed to differing degrees. The expression of ARF5 in the roots of salt and cold treated plants
decreased significantly. The expression of ARF8 in the stems of salt and cold stressed plants increased significantly. The expression of ARF16 in salt-treated
roots increased significantly, which may indicate that it plays a very important role in stress resistance. However, their specific functions need further
experimental analysis.

Discussion
ARFs are a family of plant-specific transcription factor that controls the expression of ARGs. In this investigation, we identified 17 ARF loci across the 16
scaffolds that represent the Macleaya cordata genome (Fig. 4). The number of ARF genes encoded in Arabidopsis thaliana and Oryza sativa was greater
than the number of ARF genes detected in this study, a finding that likely stems from the lack of completeness of the Macleaya cordata genome. We
discovered that most ARF proteins in Macleaya cordata had the Aux-IAA domain at the C-terminus, exactly as has been previously reported for the ARF
proteins of Arabidopsis thaliana [36], based on protein structure analysis (Figs. 1 and 2). This suggests that the ARF gene family is remains reasonably
highly conserved across plant species.

Gene expression analyses (Fig. 5) revealed that Macleaya cordata ARFs are expressed in a range of tissues and frequently display tissue-specific
expression. This finding is similar with earlier ARF gene expression studies in Arabidopsis thaliana and other plants, indicating that the ARF proteins may
mediate a role in the normal physiological process of Macleaya cordata [5, 9, 37].

The ARF gene family controls plant growth and auxin metabolism and so plays a critical role in plant development. The entire genome sequence of
Macleaya cordata was used as a background for studying the gene structure, chromosome distribution, conserved protein domain, molecular evolution, and
expression profile of the Macleaya cordata ARF gene family to better understand the structure and function of the ARF in Macleaya cordata. While we feel
the results reported here are reliable, there are several caveats to be aware of, such as the fact that the genome of Macleaya cordata is not yet complete, and
further study is needed to fully understand this thorny topic.

Conclusions
In Macleaya cordata, we found 17 ARFs and investigated them thoroughly. The collinearity analysis showed that fragment replication events were
discovered in four ARF gene pairs, but no tandem repeats of the ARF genes were observed. ARF5, ARF3, ARF8, and ARF16 were all substantially expressed in
the roots, which suggested they might be involved in plant stress responses. Furthermore, the expression of ARF8 and ARF16 altered significantly when
exposed to salt and cold stress. All in all, our findings serve as a basis for future study into the regulation of this gene family's function, as well as a
reference for revealing the gene family's regulatory mechanism in terms of its significance in plant growth and development.
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Figures

Figure 1

The domain structure of ARFs in Macleaya cordata and Arabidopsis thaliana. Different domains, including Auxin-resp, B3, AUX-IAA superfamily, and
DUF3275 superfamily are represented by colorful blocks.
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Figure 2

The motif and gene structure of the ARFs in Macleaya cordata. Conserved motifs are showed in different colors. For specific sequence information of motif,
please refer to the Supplementary Figure S1.
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Figure 3

The NJ tree of the ARF proteins in Arabidopsis thaliana, Oryza sativa, and Macleaya cordata. Each was separated into five classes as indicated by a distinct
hue. Different labels are used to identify individuals of various species and the bootstrap values are displayed on the branches.

Figure 4

Cis-elements of the ARF gene promoter regions of Macleaya cordata. These cis-elements are represented by different colors, and were indicated by their
positions on the promoters of ARF genes. MeJA, methyl jasmonate.
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Figure 5

ARF gene expression in different Macleaya cordata tissues. Three independent biological replicates were used for this experiment. Data were converted to
log2FC and visualized by heat map.
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Figure 6

Relative expression levels of Macleaya cordata ARF genes under salt stress and cold stress. WT: Wild type, no treatment; salt: salt treat; cold: cold treat.
Three independent biological replicates were used for this experiment. *, p < 0.05; **, p < 0.01 (Student’s t-test).
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