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sieboldii and functional
analysis of MSARF5
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Analysis Test Center, Liaoning Academy of Forest Science, Shenyang, China

Auxin plays an essential role in flowering, embryonic development, seed
dormancy, and germination. Auxin response factors (ARFs) are plant-specific
key transcriptional factors in mediating the gene expression network of auxin
signaling. Although ARFs in model plants such as Arabidopsis had been well
characterized, their identities and potential roles in non-model plants are less
studied. Here, we performed genome-wide identification of ARFs in Magnolia
sieboldii K. Koch, a primitive species with high taxonomic importance and
medicinal values. We found 25 ARF genes in M. sieboldii, which were widely
distributed across multiple chromosomes. Based on sequence similarity, the
encoded proteins could be either transcriptional repressors or activators. Gene
expression analysis showed a dynamic pattern for many ARFs including MsARF5
during seed germination. In addition, overexpressing of MsARF5 showed that it
restores many developmental defects in the Arabidopsis mutant. Moreover, two
phenotypically distinct transgenic Arabidopsis lines were obtained, indicating a
link between gene expression levels and developmental phenotypes. Taken
together, we provided a systematic investigation of the ARF gene family in M.
sieboldii and revealed an important role of MSARF5 in mediating auxin signaling.
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1 Introduction

Auxin controls many critical events of plant life including lateral root formation,
embryonic development, seed dormancy, and germination. In the model plant
Arabidopsis, early embryonic patterning is largely dependent on the biosynthesis,
transport, and signaling of auxin (Moller and Weijers, 2009). The role of auxin in seed
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germination has long been recognized due to its antagonistic
effect on abscisic acid (ABA) (Rousselin et al., 1992). More
recently, a role of indole-3-acetic acid (IAA) in directly
regulating seed dormancy and germination has also been
discovered (Belin et al., 2009; Wang et al., 2011; Boter
et al,, 2019).

Genetic studies had identified two families of key
transcriptional factors (TFs) in mediating auxin signaling:
auxin response factors (ARFs) and Aux/IAA proteins
(Woodward and Bartel, 2005; Quint and Gray, 2006). ARFs
are a group of plant-specific proteins typically consisting of an
N-terminal DNA-binding domain (DBD), a non-conserved
middle region (MR), and a carboxyl-terminal dimerization
domain (CTD) in mediating protein-protein interaction. ARF
proteins regulate the expression of auxin-responsive genes by
binding to conserved promoter regions such as the auxin-
response element (TGTCTC). They can also form dimers by
interacting with Aux/TAA proteins (Tiwari et al., 2003).
Interestingly, ARFs could act as either transcriptional
activators or repressors depending on the amino acid
compositions in the MR region. For instance, auxin
contributes to seed dormancy by regulating ABSCISIC ACID
INSENSITIVE 3 (ABI3) via ARF10 and ARF16, two
transcriptional repressors (Liu et al., 2013). In addition, the
transcriptional activity of ARFs is also controlled by IAA
concentration and different expression levels of ARFs may lead
to distinct phenotypes. Thus, the exact role of ARFs in specific
physiological contexts deserves detailed investigation.

The first identification of plant ARFs was performed in
Arabidopsis by yeast one-hybrid (Ulmasov et al., 1997).
Following studies identified a total of 23 ARF genes in
Arabidopsis (Okushima et al., 2005). These genes are
distributed on all five chromosomes and may encode proteins
of high sequence similarity (e.g., ARFI and ARF2). With the
availability of genome sequencing data, genome-wide
identifications and functional characterization of ARFs had
been performed in multiple species. For example, 31 ARFs
were reported in maize (Zea mays) with dynamic expression
patterns during embryo development, indicating a potential role
of these ARFs in regulating pattern formation of the embryo
(Xing et al,, 2011). Importantly, 18 out of the 31 ARFs in maize
were putative targets of small RNAs, which can regulate the
expression of ARFs by degradation of the transcripts.

Among the 23 ARFs in Arabidopsis, ARF5/MONOPTEROS
(MP) is essential in auxin signaling during embryo patterning
(Hardtke and Berleth, 1998; Odat et al., 2014). ARF5/MP
mediates the auxin-induced embryonic root initiation and
promotes the transport of auxin from embryonic cells to
extraembryonic suspensor cells (e.g., precursor cells of the
quiescent center) during embryonic cell specification
(Rademacher et al,, 2012). In addition, AfARF5 also regulates
plant growth and development such as the formation of
cotyledons (Cole et al, 2009), apical meristem (Zhao et al,
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2010), and vascular tissues in leaves (Donner et al, 2009).
Mutation of ARF5/MP in Arabidopsis results in impaired body
axis patterning during the early embryogenic stage (e.g., lack of
embryonic root) and decreased complexity in vascular
patterning. It has also been demonstrated that mutation of
ARF5/MP leads to an abnormal expression of AMPI (altered
meristem program 1) and thus abnormal embryonic
differentiation (Vidaurre et al., 2007). Analysis of ARF5/MP
mutants featuring deletion of different parts of the protein also
revealed distinct functions of each domain. For instance,
deletion mutations toward the CTD tend to result in a
stronger effect phenotypically, suggesting an important role of
CTD (e.g., for dimerization) in protein functioning (Liscum and
Reed, 2002).

Magnolia sieboldii K. Koch is a small deciduous tree of the
Magnolia family (Magnoliaceae). As a relatively primitive
angiosperm species with high taxonomic importance, it also
has ornamental, aromatic, and medicinal values. Seed
germination in M. sieboldii is difficult under both natural
conditions and even after stratification (Li et al., 2006; Lu
et al, 2014; Mei et al.,, 2017). Recently, a sequencing analysis
revealed 13,877 genes showing differential expression patterns
between germinated and non-germinated M. sieboldii seeds (Mei
et al., 2021). Among them, 38 auxin response factors were up-
regulated in the germinated seeds, confirming an important role
of auxin in mediating seed germination in M. sieboldii. However,
the molecular mechanism by which auxin and ARF genes
regulate seed germination and other aspects of plant
phenotypes remain unclear.

Here, we performed genome-wide identification of ARFs in
M. sieboldii and characterized their chromosomal locations,
gene structure, protein sequence similarity, and dynamic
expression pattern during seed germination. Furthermore, we
overexpressed MsARF5 in Arabidopsis and found that it could
rescue multiple defects of the Arabidopsis ARF5/MP mutant.
The impact of overexpressing MsARF5 on vegetive growth,
flowering, and auxin response was also investigated.

2 Materials and methods
2.1 Sequence identification

ARF proteins in Arabidopsis and rice (Wang et al., 2007)
were downloaded from TAIR (http://www.Arabidopsis.org) and
Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html),
respectively. Sequences from other families were obtained
according to previous studies that characterized ARFs in
Medicago truncatula (Shen et al, 2015), apple (Wang et al,
2020), and Vitis vinifera (Wan et al., 2014). The obtained
sequences were used to search the M. sieboldii protein
database from NGDC with the BioProject No. of
PRJCA009763. In addition, ARF domains (PF06507, PF02362,
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and PF02309) were used as queries to search the protein family
database (PFAM). Top hits were checked by domain analysis
using the NCBI CDD tool (https://www.ncbinlm.nih.gov/
Structure/cdd/wrpsb.cgi) and Pfam (https://pfam.xfam.org).

2.2 Bioinformatics analysis

The chromosomal location of each MsARF was obtained
from the M. sieboldii genome database. Motif analysis was
performed using MEME Suite (version 4.12.0) with the
following parameters: site distribution of 0 or 1 occurrence per
sequence, number of motifs of 10, and motif size of 10 to 200
amino acid residues (http://meme-suite.org/tools/meme).
Conserved domains were visualized using TBtools (v1.046,
https://github.com/CJ-Chen/TBtools) (Chen et al., 2020).
Multiple sequence alignment was performed using ClustalX
(Larkin et al, 2007). A phylogenetic tree was constructed
using MEGA-X (Kumar et al,, 2018) with the neighbor-joining
(NJ) algorithm and 1000 bootstrap replicates. Hidden Markov
model (HMM 3.0) (Finn et al., 2011) software is used to obtain
the starting position information of MsARFs gene on the
chromosome from the genome annotation information of
M. sieboldii. Homologous replication were evaluated via blastp
of MsARF genes (Al et al., 2022).

2.3 Plant materials and treatments

M. sieboldii seeds were collected from the Botanical Garden
of Shengyang. Seeds were air-dried and stored at 4°C. Treatment
for seed germination was performed as described (Mei et al,
2017). After soaking in water for 72 h, the seed coat was
removed. Surface disinfection was performed in 0.25% KMnO,
for 30 min. Seeds were then mixed with wet sand (v/v = 1:3) for
stratification with the following regimen: low temperature (0 -
10°C) for 30 days, varying temperature (day of 8 - 10°C, night of
-5 - 0°C) for 15 days, and high temperature (15°C) for 30 days.
For imbibition experiments, seeds were sampled at various time
points before (up to 12 h) and after the initiation of imbibition
(every 6 h till 72 h). For experiments involving laminated
samples, sampling was performed every 15 days for 90 days.

Arabidopsis plants including the wild type Col-0 and the T-
DNA mutant of ARF5 (salk_001058) were obtained from The
Arabidopsis Information Resource (TAIR) (https://www.
arabidopsis.org/index.jsp). Seeds were surface-sterilized with 75%
ethanol (30 s) and 1% NaClO (15 min) and then plated on half-
strength MS plates. After stratification at 4°C for 3 days, they were
maintained at 20-23°C with a 16/8 h of light/dark cycle. Seedlings
with 2-4 true leaves were transferred to the soil for further growth.
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2.4 Gene expression analysis

Real-time quantitative reverse transcription PCR (qRT-
PCR) was used for gene expression analysis. Briefly, RNA was
isolated using a RNAprep pure plant kit (Tiangen, China).
cDNA was synthesized using a PrimeScriptTM II 1st strand
cDNA synthesis kit (TAKARA, Japan). qRT-PCR was carried
out using FastFire qPCR PreMix(SYBR Green) (Tiangen, China)
on an ABI Stepone plus system (CA, USA). Primers used were
listed in Table S1. The 2"*4“T method was used to calculate
relative expression levels. Actin was used for normalization. For
all experiments, three biological replicates with two technical
replicates were performed.

2.5 Quantficaiotn of Auxin

Endogenous auxin was determined using an ELISA kit
(Hailian Biological Company). Briefly, seed samples were
homogenized with 4 mL of PBS (PH7.4) and then centrifuged at
2000 rpm. The supernatant was added to the wells and incubated
with enzyme-linked antibodies at 37°C for 60 min. After washing
and signal development, absorbance at 450 nm was quantified. A
standard curve was built for concentration calculation.

2.6 Transgenic lines

Two vectors were created for reverse genetics studies: full-
length MsARF5 driven by either the 35S promoter (35S:
MSsARF5) or its native promoter (MsARF5-Pro::MsARF5). For
358:MsARF5, MsARF5 was amplified by PCR with the
introduction of cutting sites of Sall and Sacl. The PCR
product was inserted into pRI101. For MsARF5-Pro::MsARF5,
the promotor region of MsARF5 was fused to the coding
sequence of MsARF5 and then inserted into pCAMBIA3301 as
described previously (Lei, 2007). All constructs were confirmed
by double digestion and sequencing. Both vectors were
introduced to Agrobacterium tumefaciens GV3101 strain by
the freeze-and-thaw method (Yu et al., 2003).

Transformation of Arabidopsis plants was performed as
described (Clough and Bent, 1998). Three transformation
experiments were conducted with the following constructs and
plants (Table 1): OE1 (35S::MsARF5 in the Col-0 background),
OE2 (35S8::MsARF5 in the homozygous plant arf-/-), and OE3
(MsARF5-Pro::MsARF5 in the Col-0 background). Seeds of the
transgenic lines were screened on half MS with 30 mg/L Kan and
further validated by PCR.
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TABLE 1 Transgenic lines used in this study.

Transgenic plants Background
OE1 Col-0
OE2 arf-/-
OE3 Col-0

2.7 Phenotypic analysis

Seeds of the third generation of transgenic plants were used.
Parameters on plant growth including plant height, ground
diameter, rosette diameter, leaf length, leaf width, and
internode were measured. In addition, seed germination,
bolting, flowering, and senescence were also quantified. Thirty
plants were used for each group, and three biological replicates
were performed.

2.8 Auxin responses

Seeds of the third generation of transgenic plants were used.
Half-strength MS medium was prepared either without
hormone (for controls) or in the presence of 1 uM of TAA or
IBA. Seeds were surface-sterilized and planted on the plate.
Observations were made 5 days later under a microscope (Carl
Zeiss AG). Forty seeds were used for each group, and three
biological replicates were performed.

2.9 Statistical analysis

Statistical analysis was performed using the SPSS20.0. Gene
expression analysis was performed using TBtools (v1.046).
GraphPad Prism 5 was used for data visualization.

3 Results

3.1 Genome-wide identification of ARF
genes in M. sieboldii

Homology search revealed that the genome of M. sieboldii
encode 25 ARF genes, which were named based on similarity to
that of Arabidopsis (Table 2). Amon the 25 genes, 23 were
localized to 12 chromosomes including HIC_ASM_0 (n = 2),
HIC_ASM_1 (n = 4), HIC_ASM_2 (n = 4), HIC_ASM_3 (n =
2), HIC_ASM_4 (n = 3), HIC_ASM_6 (n = 1), HIC_ASM_7
(n = 1), HIC_ASM_9 (n = 1), HIC_ASM_11 (n = 2),
HIC_ASM_16 (n = 1), and HIC_ASM_18 (n = 1, Figure S1).
The other two genes were localized to unassembled
chromosomal fragments. In addition, these gene varied
greatly in length, as the open reading frame (ORF) ranged
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Description

358::MsARF5 in the WT Arabidopsis
358::MsARF5 in the homozygous arf-/- mutant
MSsARF5-Pro::MsARF5 in the WT Arabidopsis

from 507 to 3,336 bp. In line with the variation in gene length,
there were different numbers of exons (2-14) in the putative
MSsARF genes (2-3 for 4 genes; 4-9 for 6 genes; 11-13 for 5
genes; and 14 for 10 genes).

3.2 Putative MsARF proteins and
bioinformatic analysis

The deduced proteins of these genes ranged from 167 to
1,110 amino acid residues (18.68 to 123.06 kDa) with a wide
range of pI values (5.26 to 10.58). Phylogenetic analysis classified
25 MsARFs into four classes (Figure 1). Class I consisted of
MsARF10a/b, MsARF16, and MsARF17a/b (homologs of
ARF10/16/17 in Arabidopsis). Class II consisted of MsARF5,
MsARF6a/b, MsARF8a/b, MsARF19, MsARF25, MsARF26a/b,
and MsARF27-29 (homologs of ARF5/8 in Arabidopsis). Class
III consisted of MsARF3a/b, and MsARF4 (homologs of ARF3/4
in Arabidopsis). Lastly, class IV consisted of MsARFI,
MsARF2a/b, MsARF9, and MsARF30 (homologs of ARF1/2
in Arabidopsis).

MsARFs can also be classified based on the presence of a
C-terminal dimerization domain (CTD) and the nature of the
middle region (MR), which could function as either
transcriptional repression or activation domain (Table 2).
Thus, while seven MsARFs (MsARF5, MsARF6a/b, MsARFS8b,
MsARF19, and MsARF26a/b) were identified as putative
activator due to the presence of a Q/S/L-rich MR domain,
seven MsARFs (MsARF1, MsARF2a/b, MsARF3b, MsARF4,
MsARF9, and MsARF30) were identified as putative repressors
since they harbor a P/G-rich MR domain. In addition, three
MsARFs had only the conserved N-terminal DNA binding
domain (DBD) but no CTD or MR. Transcriptional activities
for these MsARFs are unclear. Furthermore, there were eight
MsARFs showing no CTD domain that could be either activators
(MsARF3a, MsARF10a/b, MsARF16, and MsARF17a/b) or
repressors (MsARF25 and MsARF27).

In addition, 10 conserved motifs ranging from 16 to 50
amino acid residues were identified. Among these motifs, motifs
1-5 belong to DBD (B3 domains), motifs 6-8 belong to ARF
(Auxin responsive domains), and motifs 9/10 belong to CTD
(AUX/TAA domains). Notably, motifs 1-5 were found in all
MsARFs expect MsARF10a, MsARF17a, and MsARF25. While
motifs 6-8 resided in the MR region, motifs 9 and 10 were within
the CTD domain. Although the arrangement of these motifs was
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TABLE 2 Summary of MsARF genes encoding ARF proteins in M. sieboldii.
Name ID Chromosome ORF
MSsARFI HIC_ASM_1.2985 HIC_ASM_1 2046
MsARF2a HIC_ASM_4.275 HIC_ASM_4 2589
MsARF2b HIC_ASM_2.3784 HIC_ASM_2 2580
MsARF3a HIC_ASM_4.2876 HIC_ASM_4 1215
MSsARF3b HIC_ASM_2.292 HIC_ASM_2 2484
MsARF4 HIC_ASM_7.1202 HIC_ASM_7 2415
MsARF5 HIC_ASM_3.2992 HIC_ASM_3 2961
MsARF6a HIC_ASM_0.3420 HIC_ASM_0 2661
MsARF6b HIC_ASM_0.3399.1 HIC_ASM_0 2928
MsARF8a HIC_ASM_3.1528.1 HIC_ASM_3 600
MSsARF8b HIC_ASM_1.2695.1 HIC_ASM_1 2526
MSsARF9 HIC_ASM_2.211 HIC_ASM_2 2106
MsARFI10a 001499F.1 001499F 1836
MsARF10b HIC_ASM_2.1300.1 HIC_ASM_2 2112
MsARF16 HIC_ASM_4.1755.1 HIC_ASM_4 2268
MsARF17a HIC_ASM_1.733 HIC_ASM_1 1593
MSsARF17b HIC_ASM_18.1473 HIC_ASM_18 2019
MsARFI19 HIC_ASM_6.2304 HIC_ASM_6 3015
MsARF25 HIC_ASM_1.2220 HIC_ASM_1 507
MsARF26a HIC_ASM_9.50 HIC_ASM_9 3336
MSsARF26b HIC_ASM_11.47 HIC_ASM_11 3333
MsARF27 001465F.3 001465F 1224
MsARF28 001465F.5 001465F 753
MsARF29 HIC_ASM_11.53 HIC_ASM_11 603
MsARF30 HIC_ASM_16.1609 HIC_ASM_16 2271

consistent in most MsARFs, duplication of some motifs was also
found including an extra motif 1 in the MR region of MsARF5
and an extra motif 7 in MsARF3b. The presence of these
duplicated motifs may indicate their key roles in mediating
specific functions.

3.3 MsARF5 is significantly upregulated
during seed germination

Given the important role of ARF during seed development,
we examined the gene expression pattern of MsARF genes at
various seed developmental stages. As shown in Figure 2A,
multiple genes showed a dynamic expression pattern after
various stratification times. The expression pattern of
MsARF10/16, which are related to root crown development
and root tropism, was the same with an up-regulation at 45 d
and 90 d. A similar expression pattern was seen for MsARF17a/
b, indicating a similar structure and function of MsARFI7a/b
compared to that of MsARFI10/16. It is noteworthy that a
negative correlation in expression between ARFI10/16 and
ARF5, which promote seed dormancy and germination,
respectively, was also found. Because of the dominant role of
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aa PI MW kDa Domain
680 6.08 75.27 DBD, ARF, CTD
861 6.07 95.98 DBD, ARF, CTD
858 6.53 95.72 DBD, ARF, CTD
403 6.65 45.09 DBD, ARF

826 5.61 90.2 DBD, ARF, CTD
803 5.26 89.94 DBD, ARF, CTD
985 533 109.28 DBD, ARF, CTD
885 6.14 98.36 DBD, ARF, CTD
974 6.44 109.61 DBD, ARF, CTD
198 5.96 22.31 DBD

840 5.8 93.52 DBD, ARF, CTD
700 6.29 78.57 DBD, ARF, CTD
610 9.12 67.84 DBD, ARF

702 6.54 774 DBD, ARF

754 7.54 83.63 DBD, ARF

529 8.98 57.78 DBD, ARF

671 6.58 73.34 DBD, ARF

1003 7.39 1124 DBD, ARF

167 10.58 18.68 DBD, ARF

1110 6.39 123.06 DBD, ARF, CTD
1109 6.22 12291 DBD, ARF, CTD
406 7.72 4523 DBD, ARF

249 7.15 27.54 DBD

199 6.15 21.95 DBD

755 5.95 84.44 DBD, ARF, CTD

ARF5 in seed germination (Galstyan and Nemhauser, 2019), we
also determined the gene expression pattern of MsARF5 in
various tissues and seed germination stages. We found a
relatively low expression in dry seed, a stable expression in
shoot and leaf, and a significantly high level in germinating
seeds (Figure 2B).

To further characterize the potential role of MsARF5 during
seed germination, we performed a time-course gene expression
analysis after imbibition. The expression of MsARF5 showed an
initial decrease at 1 h after imbibition, followed by a gradual
increase, and a sharp increase at 6-12 h after imbibition. Such a
high-level expression was maintained up to 72 h after imbibition
(Figure 3A). Similarly, we profiled the impact of stratification
time on MsARF5 expression and found a general decrease trend
(Figure 3B). Significant, we also quantified auxin and found
a similar trend between the level of auxin and MsARF5
expression in both events (seed imbibition and stratification in
Figures 3C, D, respectively). This indicated that MsARF5 is
positively regulated by endogenous auxin in seeds. Given the
morphological changes in the embryo during stratification, it
was speculated that MsARF5 is involved in embryonic
development after maturation (0-30 days after stratification),
cell elongation, and rapid growth of seed embryos (60-75 days).
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FIGURE 1

|dentification of ARFs in M. sieboldii and phylogenetic analysis. The unrooted tree was constructed using MEGA-X with the neighbor-joining

method (bootstrap of 1000).

3.4 Overexpressing MsARF5 in

Arabidopsis rescues the Arabidopsis arf5

mutant in vegetative growth

For further functional investigation, we created transgenic
plants overexpressing (OE) MsARF5 in the Col-0 A. thaliana.
And the MsARF5 expression results of the transgenic lines were
obtained (Figure 4LE).The expression of OEl was significantly
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FIGURE 2
Gene expression analysis of MsARFs. (A) Expression of 25 MsARFs during seed germination. (B) Expression of MsARF5 in various tissues.
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higher than that of OE2, and MsARF5 was not detected in Col-0,
arf-/- or arf+/-. It is speculated that the expression of MsARF5
may be affected by AtARF5. The phenotypic difference of OE1/
OE2 may be related to the expression of MsARF5.

The phenotypes of OEI and OE2 plants were compared to
that of wild type (Col-0), heterozygous/homozygous Arabidopsis
mutants of AtARF5 (arf-/+ and arf-/-, respectively). Our results
(summarized in Table 3) showed that the OEI plants were
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FIGURE 3
Correlation between MsARF5 expression and auxin concentration following seed stratification and imbibition. (A, B): relative expression of
MsARF5 following stratification and imbibition. (C, D): auxin concentration following stratification and imbibition.

significantly taller (35.17 + 3.24 cm in height) with broader
leaves (9.76 + 1.08 mm) compared to the Col-0 plants. Such an
enhancement in the growth of the OEI plants was accompanied
by well-developed vascular tissues. Thus, these results showed
that overexpressing MsARF5 promotes plant growth. We also
overexpressed MsARF5 in the homozygous arf-/- mutant

(designated as OE2) and found that the transgenic plants
resembled the heterozygous mutant phyenotypically. In
addition, OE2 outperformed the arf-/- mutant in multiple
plant growth parameters such as plant height, rosette leaf
diameter, and leaf width. This suggested that MsARF5 was
able to rescue the Arabidopsis arf 5 mutant in vegetative growth.

FIGURE 4

Frontiers in Plant Science

Phenotypes of transgenic A. thaliana overexpressing MsARF5. (A-D): Seed morphology of OE1, OE2, WT (Col-0) and arf-/+ (heterozygous
mutant of AtARF5) (E): Results on RT-gPCR of transgenic plants overexpressing.
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TABLE 3 Phenotypic traits of transgenic A. thaliana.

10.3389/fpls.2022.958816

Plant type Height/cm Basal diameter/mm Rosette diameter/mm Leaf width/mm Internode length/cm
Col-0 28.47 £ 2.01b 0.67 + 0.07abc 60.05 + 3.09 6.44 £ 0.37b 253 +0.23a

arf-/+ 22.84 + 1.62¢ 0.64 + 0.09bc 4223 £ 231c 634+ 0.45b 2.20 + 0.33ab

arf-/- 14.27 + 1.60d 0.58 + 0.08cd 48.47 + 3.22bc 5.88 + 0.61b 2.07 +0.19b

OEI 3517 £ 324a 0.78 + 0.08ab 56.44 + 6.32ab 9.76 + 1.08a 271+ 0.26a

OE2 1921 + 2.14c 0.48 + 0.06d 54.63 + 3.08b 6.57 + 0.39b 204 +0.17b

The letters in the table are the results of Duncan’s multiple comparisons. The same letter in each column indicates that the difference is not significant, and different letters indicate that the

difference is significant P = 0.05.

3.5 Impact of MsARF5 overexpression on
flowering and seed development

We next investigated the impact of MsARF5 overexpression
on flowering and seed development. Compared to Col-0, the
homozygous mutant arf-/- plants showed a delay in leaf
development and bolting (Table 4). No flowering was observed
in the homozygous mutant arf-/- plants. By contrast, the OEI
and the OE2 plants show no difference compared to the Col-0
except that OEI had a longer life cycle. Seed phenotypes in
various Arabidopsis lines were summarized in Table 5. In line
with the notion that insufficient AtfARF5 expression could lead to
defects in seed development, we found that ~12.5% of the arf-/+
plants showed abnormal development (Figure 4D). Although
overexpressing MsARF5 in Arabidopsis allowed the flower
formation in the arf-/- mutant, significant differences in
seedpod length, seed number, and the aspect ratio were found
between the arf-/+ and Col-0 plants. Except for OE2, the seed
number of OE1, WT and arf-/+ was inversely proportional to the
growth cycle. It can be speculated that the overexpression of
MsARF5 can preferentially promote the vegetative growth of
plants. However, arf-/- seeds could not develop normally.

3.6 Response to exogenous auxin in
transgenic plants

Next, we determined the response to IAA and indole-3-

butyric acid (IBA) in Arabidopsis plants of different genetic
backgrounds (Figure 5). For this experiment, we also created a

TABLE 4 Phenotypes of transgenic A. thaliana.

transgenic line in which the expression of MsARF5 is driven by
the native promoter (designated as OE3). First, we observed that
both TAA and IBA promoted the primary root elongation in the
Col-0, OE1, and OE3 plants (Figures 5A-C). Notably, the impact
of IBA was far more significant than that of IAA, especially in
the OE3 plants. Moreover, a significant increase in root
elongation was observed in the OE2 plants following exposure
to IBA, but not IAA (Figure 5D). This indicates that MsARF5 is
sensitive to exogenous auxin, and the response to 1 UM IBA is
higher than that of 1 uM IAA. These results also verified that
ARF5 is an essential gene for seed embryo morphogenesis under
auxin signaling.

4 Discussion

Here we found 4 groups of ARFs in M. sieboldii, Class I-IV.
Each class has a counterpart in M Sieboldii with Class I-III in A.
thaliana corresponding to Class V, I and II, respectively. Similar
analysis also identified pairing class of ARFs between M. sieboldii
and M. truncatula. Interestingly, M. truncatula showed 8 groups
of ARFs and class VIII may be a result of hybridization during
evolution (Shen et al., 2015). We noted that no MsARF protein
clustered with AtARF12-15,21-23. These genes form a gene
cluster on Arabidopsis chromosome I and are mainly
expressed during embryogenesis and seed development
(Okushima et al., 2005). While there is no similar gene form
AtARF12-15,21-23 in M. Sieboldii and O. sativa. In addition,
MsARFs proteins often cluster independently, or at the
periphery of monocotyledons and dicotyledons, indicating that

Plant type Leaf development/d Bolting/d Flowering/d Stop high growth/d
Col-0 5.70 + 0.70¢ 37.97 + 0.81c 40.3 + 0.47¢ 67.67 + 3.36¢
arf-/+ 630 £ 0.53¢ 47.77 £ 1.10a 51.73 + 0.91a 82.13 £ 3.15
arf-/- 8.07 + 0.64ab 49.53 + 1.27a - 65.10 + 3.26¢
OEI 6.60 + 1.19bc 38.63 + 0.89c 40.77 + 0.68bc 76.06 + 2.42b
OE2 5.60+0.50¢ 38.36 + 1.45¢ 41.80 £ 0.81b 69.30 £ 2.14c

The letters in the table are the results of Duncan’s multiple comparisons. The same letter in each column indicates that the difference is not significant, and different letters indicate that the

difference is significant P = 0.05.
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TABLE 5 Seed characteristics for different lines of A. thaliana.

Plant type Seed pods length/mm Number
Col-0 0.74 + 0.04a 28.4 £ 1.67a
arf-/+ 0.62 + 0.09ab 18.0 + 1.41b
arf-/- - -

OEl 0.72 + 0.06ab 21.2 + 2.68b
OE2 0.63 + 0.06b 104 + 2.61c

Aspect ratio

1.84 £ 0.17b
2.08 + 0.23ab
1.65 + 0.15b
2.30 £ 0.22a

10.3389/fpls.2022.958816

Germination rate %

98.88 + 0.83a
97.13 £ 1.13a
93.87 £ 1.96b
65.71 + 5.59¢

Time/d

4.4 + 0.48b
4.1 £ 0.36b
4.2 £ 0.42b
6.0 + 0.67a

The letters in the table are the results of Duncan’s multiple comparisons. The same letter in each column indicates that the difference is not significant, and different letters indicate that the

difference is significant P = 0.05.

in terms of evolutionary relationship, M. Sieboldii may be more
primitive. The update of APG IV shows that Magnoliaceae
belongs to the base of angiosperms, and its evolutionary
relationship is earlier than that of monocotyledons and
dicotyledons (Byng et al., 2016). This also supports the results
of phylogenetic analysis in this paper.

We identified 25 ARF genes in M. sieboldii via homology
searching. The encoded proteins could act as either
transcriptional activators or repressors, depending on the
amino acid compositions in the MR region. Previous studies
using transfected protoplasts showed transcriptional activation

activity of Q-rich ARFs in Arabidopsis (Tiwari et al., 2003).
OEI OE2 OE3 Col-0
A 1uM IB
/ | y
’i
/j l\ /
n o / tmn
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1mm
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FIGURE 5

Root length (mm)

Later, ARFs proteins with different transcriptional activities had
also been identified in non-model plants. For instance, ARFs
with MRs that are rich in serine (S), proline (P), and glutamine
(Q) exhibit transcriptional repressing activities in Dimocarpus
longan (Lin et al., 2013). Similarly, ARFs with MRs rich in Q/S/L
(leucine) function as activators in multiple species including
Prumus persica (Shi et al.,, 2012),
2015), Lycopersicon esculentum (Wu, 2011), and Malus pumila
(Li et al, 2015). In our study, MsARF5 was predicted as an
activator due to the same amino acid composition as found in

Vitis vinifera (Yuan et al,

transcriptional activators in M. pumila. In addition, we also
found that all MsARFs with Q-rich MRs belong to Class II.
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2
\/ i
)/ lmm lmm lmm Imm
14—
=3 1uM IBA IuM JAA XX Control
12 -1L
10— JI' }
8-
6—
4- R
7 %
&
0 X

)
OEI

Response to exogenous auxin in transgenic Arabidopsis overexpressing MsARF5.(A—C). Impact of exogenous IBA (A) and IAA (B) on transgenic
seedlings overexpressing MsARFs compared to controls (C). (D) Quantitative analysis on root length following exposure to IBA/IAA. The letters in
the figure are the results of Duncan’s multiple comparisons. The same letter in each column indicates that the difference is not significant, and

different letters indicate that the difference is significant P = 0.05.
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The involvement of auxin in vascular differentiation had
been demonstrated decades ago (Aloni, 1995; Mattsson et al,
2003). Active transportation of auxin and an elevated
concentration had been found in regions where vascular
differentiation occurs. In addition, impaired patterning in
vascular differentiation had been found in various mutants
that are defective in the biosynthesis, transportation, or
signaling of auxin. At the molecular level, MP/AtARF5 had
been identified as a central regulator in leaf vascularization
(Krogan and Berleth, 2012; Krogan et al., 2012) and root
growth (Krogan et al, 2016). In M. sieboldii, vascular tissue
differentiation was preliminarily observed after stratification for
30 days. Notably, the expression of MsARF5 also showed a
significant increase at this time, indicating a role of MsARF5 in
regulating vascular tissue differentiation in the seeds.

In addition to vascular differentiation, ARF5/MP also plays
an essential role in embryo development as the Arabidopsis arf/
mp mutant is impaired in flower organ formation and seed
development (Przemeck et al., 1996; Hardtke and Berleth, 1998).
In this study, we not only confirmed the infertility of the arf/mp
mutant but also showed that the MsARF5-overexpressing line is
also infertile. While no flower organ formation was observed in
the former, the latter exhibited normal development of floral
organs and pod but no seeds. That fact either complete loss-of-
function or overexpression leads to abnormal embryo
development suggests that the expression level of ARF5
controls the final phenotype. These observations also indicated
a similar function of MsARF5 and its homolog in Arabidopsis
(Schlereth et al., 2010; Krogan et al., 2016).

Our finding on the two different phenotypes in the MsARF5-
overexpressing Arabidopsis plants indicated the expression level
of ARF5 is behind the final plant phenotype. Specifically, OE1I
and OE2 showed significant altered vegetative growth including
height, basal diameter, and leaf width compared to WT plants.
These observations are in line with previous findings that ARF5/
MP in Arabidopsis is a quantitative gene and that it plays an
essential role in mediating auxin signaling and its polar transport
(Krogan et al,, 2016). The patterning events in embryos were
under the direct control of ARF5/MP-mediated auxin signaling
and transportation. Accordingly, ARF5/MP acts as a switch to
regulate the expression of PIN (pin formed) auxin efflux
facilitators during pattern formation of root and shoot
(Wenzel et al., 2007). This is further supported by previous
studies showing the binding of ARF5/MP on the promoters of
multiple PIN genes (Okushima et al., 2005). Together, our data
indicate a role of MsARF5 in mediating auxin signaling and
transportation to control the patterning of multiple plant organs.

5 Conclusions

A total of 25 ARF genes were identified in M sieboldii.
Diversity among these genes was found due to the presence of
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different functional domains, suggesting diversity in function.
Gene expression analysis of MsARF5 showed a similar pattern to
that of auxin during seed germination. The function of MsARF5
was further investigated by overexpressing in Arabidopsis, which
showed an increase in the growth of vascular tissues and
promotion of seed germination. In addition, MsARF5 can
rescue the deficiency in flowering of the arf mutant.
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