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Abstract

Expansin (EXP) plays an important role in plant root formation. The EXP genes associated with chrysanthemum roots
have not yet been reported. Here we isolated a root-specific EXP gene in chrysanthemum (Chrysanthemum morifolium),
namely CmEXPA4. Bioinformatics analysis showed that CmEXPA4-encoded protein has a conserved DPPB (Double-Psi
Beta-Barrel) domain in the N-terminal with a series of Cys residues, an HFD (His-Phe-Asp) motif in the central region,
and a pollen allergen domain in the C-terminal. The protein also has a specific a-insertion of WCNP (Trp-Cys-Asn-Pro),
which suggests that it belongs to the A-subgroup of the EXP family. In the present study, we cloned the 1,129 bp promoter
region upstream of CmEXPA4, and the analysis revealed an abundance of cis-acting elements associated with hormones,
light and stress-related responses, and some root-specific regulatory elements in particular. Subcellular localization results
indicated that CmEXPA4 locates in the cell wall. Exogenous indole butyric acid induced the up-regulation of CmEXPA4
expression, whereas exogenous abscisic acid inhibited its expression. Tissue expression analysis showed that CmEXPA4 was
preferentially expressed in the roots and was synchronized with the rapid emergence of the root. These results suggested that
CmEXPA4 may act on the growth and development of chrysanthemum roots. The function of CmEXPA4 was further tested
by virus-induced gene silencing, and the results showed that CmEXPA4 silencing inhibited the normal development of the
chrysanthemum root system. The roots appeared thinner and shorter, and several important root parameters, including total
length, average diameter, surface area, total volume, and root tip number, decreased significantly. The cortical cells of the
transgenic plant roots were significantly smaller and shorter than those of the control. Collectively, our results demonstrated
that CmEXPA4 gene plays a key role in the growth and development of chrysanthemum roots and affects the root system by
acting on the individual cells.
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Introduction

Plant roots have important physiological functions such as
anchoring plants in the soil, acquiring mineral nutrients
and water, synthesizing a plethora of metabolites (Schmidt
2014). The morphological structure and physiological activ-
ity of the root will thus directly affect the growth and nutri-
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involved in almost all stages of plant growth and development
(Marowa et al. 2016), playing important roles in seed germina-
tion (Xu et al. 2013), leaf growth (Kuluev et al. 2014), petal
expansion (Liu et al. 2014), pollen tube growth (Valdivia et al.
2007), fruit ripening and softening (Palapol et al. 2015), and
other aspects.

Certainly, EXPs also play a very important role in the for-
mation and growth of plant roots. Lee et al. (2003) successfully
cloned the first root-specific expansin gene GmEXP1, which
mainly expresses in the epidermis cortex of the roots and plays
an important role in the growth and development of roots in
soybean (Glycine max L.), particularly the formation and elon-
gation of primary and secondary roots. Furthermore, its super-
expression in tobacco (Nicotiana tabacum L.) accelerated root
growth. EXPAs of AtEXPA4, AtEXPAI4, and AtEXPA17 in
Arabidopsis thaliana L. are involved in the formation of lateral
root primordia and the separation of cortical cell-coated side
root primordia (Lee and Kim 2013; Lee et al. 2013). Li et al.
(20154, b) used the root-specific promoter PYK10 to root-
specific expressing TaEXPB23 in tobacco and found that the
PYK10-TaEXPB?23 lines exhibited an increase in lateral roots
and a higher root biomass. Li et al. (2015a, b) demonstrated
that the overexpression of GbEXPATR enhanced root hair
development in transgenic A. thaliana. In addition, the expres-
sion of EXPs is related to plant hormones. In tomato (Sola-
num lycopersicum L.), cyanamide (CA) could break down the
auxin-ethylene balance by affecting cell division, resulting in
the expression of some EXP genes that affect plant root growth
(Soltys et al. 2012). Abscisic acid (ABA), IAA, and other plant
growth regulators (PGRs) also induce the expression of EXPs
(Han et al. 2012).

Chrysanthemum, as a traditional Chinese flower, is one
of four of the world’s major cut flowers (Guo et al. 2017).
Assessing the functions of EXPs in chrysanthemum root is
important not only for clarifying the molecular mechanism
of root morphogenesis, but also for improving the yield and
quality of chrysanthemum via the genetic improvement of the
root system. In the present study, we cloned CmEXPA4 along
with its promoter, a gene from the EXPA family, and prefer-
entially expressed it in chrysanthemum root. We detected its
expression patterns in different tissues, performed PGR treat-
ments, and investigated its function in chrysanthemum root
development using virus-induced gene silencing (VIGS). The
potential application of CmEXPA4 in the genetic improvement
in chrysanthemum is ultimately discussed.

Materials and Methods
Plant Materials and Treatments

Using ‘Hangzhou White Chrysanthemum’ as the
experimental material, root cuttings of similar growth
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morphology were transferred to an artificial climate
chamber (light 16 h, 25 °C; dark 8 h, 20 °C; relative
humidity 75%). Short-day treatment (8 h light and 16 h
dark) promoted flower bud differentiation in the mature
stage of vegetative growth. For the spatial expression
analysis of CmEXPA4, the roots (mature roots and new
roots), stems, leaves (mature leaves and new leaves),
alabastra (pre-blooming buds), buds, and inflorescences
(early flowering period, full flowering period, and aging
period; indicated in Supplemental Fig. S1) were collected
at the flowering phase. The roots were harvested at 0,
1, 3, 7, 14, and 21 days after culture. The total length,
average diameter, surface area, total volume, and root tip
number of the roots were detected using an EPSON root
scanner with WinRHIZO software (G780B, Seiko Epson
Corp., Tokyo, Japan).

For the exogenous PGRs treatments, the cuttings were
treated in Hoagland’s nutrient solution (Guo et al. 2017)
with 10 uM 6-BA (6-benzylaminopurine), 10 uM GA; (gib-
berellin A3), 10 uM IBA (indole butyric acid), and 10 uM
ABA, respectively. Plants grown in Hoagland’s nutrient
solution lacking PGR addition were used as a blank control
(CK). All root samples were obtained 48 h after treatment.
Each treatment had three biological replicates. All the sam-
ples were plunged in liquid nitrogen immediately and stored
at — 80 °C for RNA extraction.

RNA Isolation and the Full-Length Cloning
of CmEXPA4

Total RNA isolation was carried out using the Ultrapure
RNA Kit (CWBIO, Beijing, China) and was then converted
into cDNA for RACE (rapid amplification of cDNA ends)
using the SMARTerTM RACE c¢cDNA Amplification Kit
(TaKaRa, Japan). Together with the adaptor primer UPM
in the amplification kit and the 5’ and 3" RACE specific
primers, the full-length cDNA of CmEXPA4 was cloned.
The PCR products of the full-length CmEXPA4 were ulti-
mately inserted into the pMD18-T vector (TaKaRa, Japan)
and sequenced.

Bioinformatics Analysis of CmEXPA4

The amino acid sequence was deduced by DNAMAN soft-
ware (Lynnon Corporation). The functional domains were
searched using the SMART protein online analysis program
(http://smart.embl-heidelberg.de/smart/set_mode.cgi), CDD,
the conserved domain database of the NCBI Web site, and
the InterProScan Web site (http://www.ebi.ac.uk/interpro/
search/sequence-search). Multiple amino acid sequences
were aligned in ClustalW and DNAMAN. A phylogenetic
tree was constructed based on sequence alignments using
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ClustalW and MEGA 7.0 software (Kumar et al. 2016). Sig-
nal peptide sequences were predicted by SignalP online Web
site (http://www.cbs.dtu.dk/services/SignalP/).

Cloning and Sequence Analysis of the Promoter
of CMEXPA4 Gene

Chrysanthemum genomic DNA extracted with a Plant
Genomic DNA Kit (CWBIO, Beijing, China) was used as
the template. Based on the gene sequence, three nested prim-
ers were designed and synthesized as follows: SP1: 5'-AGG
AGGGCAAAAGTTTGTAGCAGTG-3"; SP2: 5'-GCTAAA
CCCCTTGTTGAACAAAGC-3'; and SP3: 5'-CCATAG
AATGTAGCATGAGCACCTTG-3". The steps of chro-
mosome walking were based on the Genome Walking Kit
manual (TaKaRa, Japan). After three episodes of PCR, the
produced fragments were recovered and sequenced. PLACE
(Higo et al. 1999) and PLANTCARE (Lescot et al. 2002)
online software were used to analyze the sequences of the
promoter.

Subcellular Localization of CmEXPA4

The complete open reading frame (ORF) of CmEXPA4 was
cloned into the vector pC1301 to generate the CmEXPA4-
GFP fusion protein (35S::CmEXPA4-GFP). The cell-wall-
specific marker was built on the basis of N. tabacum expan-
sin: EXPA6 (GenBank: KJ730251.1) which only expressed
only on the cell wall. An empty vector containing green
fluorescent protein (GFP) was used as a negative control.
The experiment of onion epidermis cell infection was carried
out, and the fluorescence signal was detected using a laser
confocal microscope (PerkinElmer, America).

Real-time Quantitative PCR Analysis (QRT-PCR)

The cDNA was synthesized using the same method as above.
The primers for the qRT-PCR analysis were designed and
pre-tested by general PCR to ensure the accuracy: EFY:
5'-GGGGACCACAACACACTTCAC-3" and ERY: 5'-GAC
AATGCCAGCACGATACTCA-3'. The PCRs used the
UltraSYBR Mixture (CWBIO, Beijing, China) and a Light
Cycler 480 system (Roche Diagnostics). The PCR cycling
conditions were: one cycle for 10 min at 94 °C, 40 cycles
for 20 s at 94 °C, 30 s at 60 °C, and two cycles as above to
analyze the melting curves. All reactions were performed
in triplicate replications, and the chrysanthemum Ubiquitin
gene was used as the loading control.

VIGS of CmEXPA4 in Chrysanthemums
and Morphological Detection of Transgenic Plants

VIGS of CmEXPA4 was performed as described by Lii et al.
(2014). Using specific primers (EFS: 5'-TCTAGAGGGGAC
CACAACACACTTCAC-3" and ERS: 5-TGAGTATCGTGC
TGGCATTGTCCTCGAG-3'; underlined parts are the Xbal
and Xhol recognition sites, respectively), a specific fragment
of CmEXPA4 was cloned and inserted into the pTRV2 vec-
tor. The root parameters were detected and recorded using
an LA-S Plant Root Analysis System (Wan Shen, Hangzhou,
China). Root paraffin sections were made according to the
method of Qin et al. (2013) and finally observed by micro-
scope (NIKON Eclipse Ci, Japan). Twenty cells were ran-
domly selected to measure the length and width of the cells
in different fields of vision. Each treatment was repeated
three times.

Statistical Analysis

All the data obtained from the study were evaluated by one-
way analysis of variance (ANOVA) using the statistical pro-
gram SPSS (version 17.0). Duncan’s multiple range test was
used to compare the differences between treatment means
at P<0.05.

Results

Identification of CmMEXPA4

The resulting isolated gene was 1130 bp with an ORF encod-
ing a polypeptide of 257 amino acids containing N-terminal
secretory signal peptides ranging from 1 to 20 residues.
The predicted molecular weight and isoelectric point were
27.9 kD and 9.66, respectively.

As indicated in Fig. 1, CmEXPA4 showed strong
sequence similarity to the expansins of other species, such
as AtEXPA4 of A. thaliana and PtEXPA4 of white poplar
(Populus tomentosa Carriere). All contain a DPBB domain
with six Cys residues in the N terminal, an HFD motif in the
middle of the sequence, and a pollen allergen domain with
four Try (W) residues in the C terminal. Additionally, all
possess WCNP (Trp-Cys-Asn-Pro) residues inserted in front
of the HFD motif, which is regarded as a unique a-insertion
in the EXPA subfamily (Lu et al. 2016). As shown in Fig. 2,
CmEXPA4 was significantly diverged from other EXPBs,
which complemented the above analysis. It clustered into
a subgroup with AtEXPA4 and also closely to RhEXPA4.
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GsEXPA4 . ISVLIFISSIWMMGEARIPGVYSGGAWQNAHATFYGGADASGTMGGACGYGNLYSQGYGVSTAALSTALFNNGLSOGAGFEIKLGS 86
PtEXPA4  .usewss LLITIVSSLWMAEARIPGVYSGGAWENAHATFYGGADASGTMGGACGYGNLYSQGYGVSTAALSTALEFNNGLSICGSICFEIKCAS 83
EmExPA4 MGIHIGIFLIIVSVFSVTDARIPGNYGGGAWQGAHATFYGGSDASGTMGGACGYGNLYSQGYGVNTAALSTALENKGE SICGACFEIKCNQ 90
HhEXPA4  ...... IASLLISLVSLVHARIPGVYSGGSWQSAHATFYGGSDASGTMGGACGYGNLYSQGYGVNTAALSTALFNNGQSCGACFEIKCAN 84
MeEXPA4 .HLLCIFSLLSFFSLANARIPGVYTGGAWESAHATFYGGSDASGTMGGACGYGNLYSQGYGVNTAALSTALENNGLSCGACFEIKCAN 87
TcEXPA4 .LTVLCFASLLSFSVVVNARIPGVYTGGSWESAHATFYGGSDASGTMGGACGYGNLYSQGYGVNTAALSTALFNNGLSCGACFEIKCAN 88
CumBEXPRA. . vnvwnvnn vwis s e simew ARIPGVYSGGPWQDAHATFYGGSDASGTMGGACGYGNLYSQGYGVNTAALSTALFNNGLSCGACFEIKCAN 71
PpEXPA4  ...... IVSLIALASTIVEARIPGVYSGEAWQGAHATFYGGSDASGTMGGACGYGNLYSQGYGVNTAALSTALEFNNGLSCGACFEIKCAN 84
AtEXPA4 MAIKLAILFTTFVLFSLADARIPGIYSGGAWQNAHATFYGGSDASGTMGGACGYGNLYSQGYGTNTAALSTALFNNGMSICGACIFELKCAN 90
Consensus ari w ahatf dasgtmggac nlys taalstalfn scg cfe kc
Pg vy g ygg gtmggacgygnlysqgyg g g

GsEXPA4 DPKWCHSGSPSIFITATNFCPPNYALPNDNGGWENPPRTHFOLAMPMFLKIAEYRAGIVPVSYRRVPCRKRGGIRFTINGFRYFNLVLIS 176
PtEXPA4 DPRWCHSGSPSIFITATNFCPPNYALPSDNGGWCNPPREHFOLAMPMFLKIAEYRAGIVPVAYRRVPCRKRGGIRFTINGFRYFNLVLIS 173
CmEXPA4 DPRWCHPGSPSIFITATN PNYALPNDNGGWCNPPRTHFDOLAMPMFLKIAEYRAGIVPVSYRRVPCRKSGGIRFTINGHRYFNLVLIS 180
HhEXPA4 DPNWCHSGSPSIFITATNFCPPNFALPNDNGGWCNPPRTHFOLAMPMFLKIAEYRAGIVPVSFRRVPCRKRGGIRFTINGFRYFNLLLIS 174
MeEXPA4 DPRWCNPGSPSIFVTATNECPPNYALPSDNGGWCNPPRSHFDOLAMPMFLKIAEYRAGIVPVTYRRVPCRKQGGIRFTINGFRYENLVLIT L7
TcEXPA4 DPRWCHPGSPSIFVTATNFCPPNYALPSDNGGWCNPPRSHFOLAMPMFLKIAEYRAGIVPVSFRRVPCRKQGGIRFTINGFRYFNLVLVT 178
CumEXPA4 DPRWCHPGSPSIFITATNFCPPNFALPNDNGGWCNPPRTHFOLAMPMFLKIAEYRAGIVPVSYRRVPCRKQGGIRFTINGFRYFNLVLIT 161l
PpEXPA4 QPOWCHSGSPSIFVTATNEFCIPPNYALPNDNGGWCNPPRSHFOLAMPMFLKIAEYRAGIVPVSYRRVPCRKQGGIRFTVNGFKYEFNLVLIT 174
AtEXPA4 DPQWCHSGSPSILITATNFCPPNLAQPSDNGGWCNPPREHFOLAMPVFLKIAQYRAGIVPVSYRRVPCRKRGGIRFTINGHRYFNLVLIT 180
Consensus p wc gspsi tatnfcppn a p dnggwcnppr lamp flkia yragivpv rrvpcrk ggirft ng yfnl 1

DPBB domain L
GsEXPA4 NVAGAGDIVKVSVKGSRTGWMSMSR QONWQSNAVLVGQSLSFRVTGSDRRTSTSWNIVPAHWQFGQTFTGKNER 252
PtEXPA4 NVAGAGDIVQVSVKGSKTGWMSMSR QNWQSNAVLVGQTLSFRVRASDRRSSTSWNIVPAHWQFGQTFTGKNEFR 249
CmEXPA4 NVAGAGDIQHVWVKGTKTGWMSMSR QNWQOSNAVLVGQKLSFRVTGSDRRTSTSWNIVPAGWQFGQTFTGKNER 256
HhEXPA4 NVAGAGDIVRVSVKGSKTGWMSMSR QONWQSNAVLVGQSLSFRVTGSDRRTSTSWNIVPAHWQFGQTFTGKNEFR 250
MeEXPA4 NVAGAGDIVKVSIKGSKTHWQSMSR Q SNAVLVGQALSFRVTGSDRRTSTSWNIAPSNWQFGQTFTGKNFR 253
TcEXPA4 NVAGAGDIVKVSVKGTKTGWLSMSR QONWQSNAVLVGQALSFRVTGSDKRTSTSWNVASANWQFGQTFTGKNEFR 254
CumEXPA4 NVAGAGDIVRVSVKGSNTGWMSMSR QNWQSNAVLVGQTLSFRVTGSDRRTSTSWNVAPSNWQFGQTFTGKNER 237
PpEXPA4 NVAGAGDIVKVSVKGSKTGWMSLSR Q. SNAVLAGQSLSFRVTGSDRRTSTSWNIVPANWQFGQTFTGKNFR 250
AtEXPA4 NVAGAGDIVRASVKGSRT MSLSR QNWQSNAVLVGQALSFRVTGSDRRTSTSWNMVPSNWQFGQTFVGKNER 256
Consensus nvagagdi w s srnwggnwgsnavl gq lsfrv sd r stswn wqfgqtf gknfr

Pollen aIIergen domain

Fig. 1 Multiple sequence alignment of CmEXPA4. Identical and sim-
ilar amino acids are shaded in colors. Underlined parts are putative
signal peptide sequence. The two functional domains are marked with
arrows: DPBB domain and Pollen allergen domain. The HFD motif,
and conserved Cys (C) and Trp (W) residues are showed with rec-
tangular boxes. The a-insertion (WCNP) is marked with five-pointed
star. GSEXPA4: Gossypium schwendimanii, AEN70893.1; PtEXPA4:

Bioinformatics Analysis of the CmEXPA4 Promoter

Table 1 displays various motifs along with their func-
tion and location site on the analyzed promoter sequence
described in the previous literature. The results showed
that the sequence contained typical core promoter regions
of eukaryotes, including the core promoter element TATA-
box, the enhancer components of CAAT-box, and the light
responsive elements of GATA-box. Many important cis-
elements were also found in the regulatory region of the
gene. Plant hormone response elements were also detected,
such as the auxin-induced elements ASFIMOTIFCAMV
(also induced by salicylic acid) and NTBBF1ARROLB;
the ABA response elements ABRE, DPBFCOREDCDC3,
and DREICOREZMRAB17; the ethylene response element
ERE, and the gibberellin response element PYRIMIDINE-
BOXHVEPBI. The cis-elements involved in the response
to abiotic stresses in plants, such as LTRE (low-tempera-
ture stress), CCAATBOX1 (heat shock), MYB1AT, MYB-
CORE, and MYCCONSENSUSAT (water stress), MBS
(drought-inducibility), and the wound-responsive element
WUN-motif, were detected. Additionally, we found several
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P. tomentosa, AFZ78606.1; CmEXPA4: Chrysanthemum morifolium,
KY315238.1; HhEXPA4, Hedera helix, APV45520.1; MeEXPA4,
Manihot esculenta, XP_021619783.1; TcEXPA4, Theobroma cacao,
EOY07514.1; CumEXPA4, Cucumis melo, NP_001284471.1;
PpEXPAA4, Prunus persica, XP_007218834.1; ATEXPA4, A. thali-
ana, NP_181500.1

important elements associated with root-specific expression,
including four ROOTMOTIFTAPOX1, one RHERPAT-
EXPA7, two OSEIROOTNODULE, and one WUSATAg.

Subcellular Localization of CmEXPA4

SignalP program analysis showed that CmEXPA4 had a
20 bp signal peptide sequence in the N-terminal, which can
guide the protein into the secretory pathway, and the Plant-
mPLoc Web site predicted that CmEXPA4 was localized to
the cell wall. As indicated in Fig. 3, the GFP fluorescence of
the control cells was visualized in the cell wall and nucleus,
while cells transformed with 35S::CmEXPA4-GFP only
displayed green fluorescence in the cell wall, according to
the cell wall-specific marker. Based on the articles on EXPs
reported earlier and the sequence analysis, CmEXPA4 was
determined to be localized in the cell wall.
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Fig.2 Phylogenetic tree analysis of CmEXPA4. CmEXPA4 (marked
with red square) is significantly diverged from other EXPBs
and clustered into a subgroup with AtEXPA4. AtEXPA10, A.
thaliana, AT1G26770; ATEXPA4, A. thaliana, NP_181500.1;
RhEXPA4, Rosa hybrida cultivar, AFQ21787.1; AtEXPA7, A.
thaliana, NP_172717.1; AtEXPA17, A. thaliana, NP_192072.1;
AtEXPAI18, A. thaliana, NP_176486.1; OsEXPAS, Oryza sativa
Japonica Group, XP_015632452.1; OsEXPA17, O. sativa Japon-
ica Group, XP_015642083.1; OsEXPAIl, O. sativa Japonica
Group, XP_015634193.1; GmEXPA1, G. max, NP_001237850.2;
AtEXPBI1, A. thaliana, NP_179668.1; OsEXPB2, O. sativa
Japonica Group, XP_015614021.1; OsEXPB4, O. sativa Japon-
ica Group, XP_015614992.1; OsEXPB6, O. sativa Japonica
Group, XP_015614019.1; OsEXPB11, O. sativa Japonica Group,
XP_015623786.1; GmEXPB2, G. max, ACA83732.1; TaEXPB23,
Triticum aestivum, AAP84631.1; HVEXPBI1, Hordeum vulgare,
AAQ57591.1

Expression Characteristics of CmEXPA4

Expression of CmEXPA4 in the Different Chrysanthemum
Tissues

The expression of CmEXPA4 differed in the various tis-
sues (Fig. 4). The expression level of CmEXPA4 in the new
roots was the highest, followed by the old roots. Addition-
ally, there was a very small amount of expression in the
stem, leaf, and initial opening flowers, whereas almost no
expression was detected in the other tissues. The results also
showed that the expression level of the gene in the vigorous
growing region was higher than that in the mature tissue.
The data calculated that the expression of CmEXPA4 in the
new roots was 1.53 times higher than that in the mature
roots, whereas the expression level in the young leaves

was also higher than that of mature leaves, up to 2.2 times
(Fig. 4). The same trend also appeared in the inflorescence.

Expression of CmEXPA4 at Different Stages of Root
Development

The chrysanthemum roots presented significant morphologi-
cal changes during the three weeks of development (Fig. 5a),
and the associated parameters are presented in supplemental
Table S1. As shown in Table S1, the parameters did not dif-
fer significantly during the first 2 days of the experiment;
on the third day, except for total length and surface area,
the other three parameters increased slightly, but exhibited
marked increases by the seventh day: the total length, aver-
age diameter, surface area, total volume, and root tip num-
ber increased by 119.6%, 31.1%, 89.3%, 88.4%, and 60.3%,
respectively. Furthermore, the expression of CmEXPA4
also showed a significant increase of 79.0% (Fig. 5b). The
roots continued to grow steadily over the next 2-3 weeks.
During the 3 weeks of root development, the expression of
CmEXPA4 increased first and then continued a high level
(Fig. 5b).

Expression of CmEXPA4 Under Various Exogenous PGR
Treatments

As shown in Fig. 6, both IBA and 6-BA could induce the
expression of CmEXPA4 to different degrees, with IBA
indicating a clear increase in up to 87.3%. ABA treatment
significantly inhibited the expression of CmEXPA4, and its
expression level was 51.7% of the control group. However,
there were no obvious differences between GA; treatment
and CK.

Silencing CmEXPA4 Affects Root System Architecture
and Plant Growth in Chrysanthemum

The qRT-PCR assay indicated that a total of 11 effec-
tively silenced lines were obtained following treatment.
We selected the representative transgenic plants for further
experimentation. Figure 7a indicates their relative suppres-
sion of expression: silent line E26' decreased by 67.2% com-
pared to the TRV blank control, whereas E41% decreased by
35.2%.

Silencing of CmEXPA4 resulted in a visible alteration
in root architecture. The changes in root morphology of
E26 and E41 compared to TRV control are indicated in
Fig. 7b. In comparison with CK?, the transgenic plants had

1 B26: CmEXPA4-silent line 26;
2 E41: CmEXPA4-silent line 41;
3 CK: blank control.
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Table 1 Main regulatory motifs found within the promoter sequence of CmEXPA4

Motif Function Strand Loc (5'-3") Sequence (5'-3")
TATA-box Core promoter element around — 30 of tran-  + 470 TTATTT
scription start _ 937
CAAT-box Common cis-acting element in promoter and  + 1050; 848; 700; 567; 162 CAAT
enhancer regions _ 887; 877; 604; 213
GATA-box Light responsive element + 905; 882; 626; 562; 439; 170 GATA
- 1021; 917; 806; 628
DOFCOREZM Plant-specific transcription factor plays + 1002; 978; 941; 519; 486; 201 AAAG
regulatory roles in diverse developmental ~ _ 1031; 649; 544; 537, 320; 314; 196; 79
processes, stress and hormone response
ROOTMOTIFTAPOX1 Regulatory elements associated with root- - 958; 915; 866; 834 ATATT
specific expression genes
RHERPATEXPA7 Root hair-specific cis-elements - 502 KCACGW
OSE1ROOTNODULE Elements associated with root specific + 497 AAAGAT
expression _ 312
WUSATAg Target sequence of WUS gene which specifi- — 1024 TTAATGG
cally expressed in the root apical meristem
ASFIMOTIFCAMV cis-acting element involved in auxin and/or - 597; 159 TGACG
salicylic acid responsiveness
NTBBF1ARROLB Binding site for DOF factors, required for + 1030; 195 ACTTTA
tissue-specific expression and auxin induc-
tion
ABRE cis-acting element involved in the abscisic + 501 ACGTG
acid responsiveness
DPBFCOREDCDC3 ABA and embryo-specific response elements + 574 ACACNNG
- 637
DRE1COREZMRAB17 ABA response element + 792 ACCGAGA
ERE Ethylene-responsive element - 852 ATTTCAAA
PYRIMIDINEBOXHVEPB1 Element required for GA induction + 891 TTTTTTCC
LTRE cis-acting element involved in low-tempera-  — 529; 82 CCGAAA
ture responsiveness
CCAATBOX1 Found in the promoter of heat shock protein ~ + 847 CCAAT
genes _ 213
MYBIAT Dehydrating response element + 104 WAACCA
- 26
MYBCORE cis-acting element involved in water stress + 258 CNGTTR
responsiveness
MYCCONSENSUSAT MYC transcription factor binding region, + 748; 297 CANNTG
related to dehydrating response and cold _ 748; 297
tolerance
TC-rich repeats cis-acting element involved in defense and + 1052 ATTTTCTTCA
stress responsiveness _ 940
MBS MYB binding site involved in drought- + 297 CAACTG
inducibility
WUN-motif Wound-responsive element + 725 TCATTACGAA
W-box Disease, gibberellin, salicylic acid, and sugar — 952 TTGACC
responsive elements
WRKY710S W Box family, binding site for WRKY fac- + 1036; 760; 606; 590; 541 TGAC

tors

953; 686; 598; 515; 160; 111; 59

less developed root systems and the roots appeared shorter
and sloppier. The total root length of E26 was significantly
reduced by 34.6%, whereas E41 was reduced by 16.2%
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(Table 2). The average root diameters of E26 and E41 dif-
fered significantly from the control and were reduced by
18.3% and 14.0%, respectively. Genetic disruption also
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Fig.3 Subcellular locali-
zation of CmEXPA4. A
35S::CmEXPA4-GFP plasmid
was transiently expressed in
epidermal onion cells. The
35S::GFP vector was used as
a negative control. Compared
with cell wall marker (in third
vertical column photo), the
CmEXPA4 is localized in the
cell wall. Bar =33 um

35S::CmEXPA4-GFP

35S::GFP

Relative expression level of
CmEXPA4

YR MR S YL ML B A

IF BF SF

Fig.4 Expression of CmEXPA4 in the different chrysanthemum tis-
sues. From left to right: young root (YR), mature root (MR), stem
(S), young leaf (YL), mature leaf (ML), bud (B), alabastra (A), flow-
ers at initial stage (IF), flowers at full bloom stage (BF), flowers at
senescence stage (SF). Different symbols on bars indicate a signifi-
cant difference at P=0.05. Values represent the means+SE, n=3.
The same as below

affected the surface area and total volume of the root. In
terms of surface area, E26 and E41 decreased by 24.2%
and 12.4%, respectively, while the total volume reduced
by 27.1% and 14.7%, respectively. Changes in the root tips
of E41 were not significant, but E26 exhibited an obvious
decrease in 32. The data showed that root development in
the two silenced chrysanthemums was reduced by more
than that of control, and root growth in E26 was generally
more strongly inhibited.

As shown in Fig. 7c, the aboveground biomass growth
of the VIGS plants was lower than the control plants, and
the stem became thinner and more delicate. Figure 7d
shows the measured indexes of the different treatment
groups. The plant height, leaf width, and stem diameter
of E41 were 2.7%, 5.6%, and 5.6% less than that of the
control. E26 was more greatly affected, and these three
indexes were reduced by 10.8%, 18.8%, and 18.5%,
respectively.

Bright-field

Fluorescence Marker

Effect of CmEXPA4 Silencing on the Cortical Cells
of the Roots

The cell length and width of the root cortical cells in the
CmEXPA4-silenced plants were significantly reduced com-
pared with the control (Fig. 8a, b). The average length and
width of the transgenic cortical cells had been reduced to
approximately 11-29% and 5-27% that of the control groups
(Fig. 8c). The data showed that cell length was more greatly
inhibited in addition to the above root parameters. The
diameter of the vascular bundle did not show any obvious
changes.

Discussion

Root growth can strongly affect the growth of the above-
ground parts of chrysanthemum and further influence stress
resistance (Wu et al. 2017). It is thus of practical significance
that the molecular mechanisms of chrysanthemum root
development are explored. EXP is an important regulator of
plant root development. Here we isolated an expansin gene
and explore its role in chrysanthemum root development.
Sequence analysis showed that CmEXPA4 protein con-
tains two signal domains (Fig. 1). The DPBB domain has
significant homology to glycoside hydrolase family-45
(GH45) proteins, where the HFD motif is considered to
be part of the catalytic site that constitutes the family-45
endoglucanases and the Cys residues are considered to be
key sites for the formation of disulfide bonds that contribute
to the structural stability of proteins (Gaete-Eastman et al.
2015). The pollen allergen domain is highly homologous to
grass pollen allergen proteins and contains a fiber-binding
domain based on the conserved aromatic and polar residues
on the surface of the protein (Sampedro and Cosgrove 2005).
The four try (W) residues are related to the association of
cellulose and polysaccharides (Cosgrove 2015). As indi-
cated in the phylogenetic tree, CmEXPA4 is closely associ-
ated with RhREXPA4, AtEXPA17, and OSEXPAS8. RhEXPA4
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Fig.6 Expression of CmEXPA4 under various exogenous hormone
treatments. Chrysanthemum cuttings were treated in Hoagland’s
nutrient solution with either 10 pM 6-BA (6-benzylaminopurine),
10 uM gibberellin A3 (GA3), 10 uM indole butyric acid (IBA), or
10 uM ABA for 48 h. Samples treated with Hoagland’s nutrient solu-
tion lacking phytohormone addition were used as controls. Com-
pared with the blank control, IBA and 6-BA induce the expression of
CmEXPA4, while ABA inhibited it and there were no obvious differ-
ences between GA3 treatment and control

was reported that its overexpression in Arabidopsis influ-
ence lateral root formation, and leaf growth. (Lii et al. 2013).
The overexpression and knock-down of AtEXPA17 will
enhance and reduce lateral root formation in Arabidopsis
(Lee and Kim 2013). Ma et al. (2013) demonstrated that

@ Springer
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Fig.5 High expression level of CmEXPA4 is almost synchronized with rapid root growth. a Morphological changes in chrysanthemum roots
during the three weeks of development (Bar =3 cm). b Expression of CmEXPA4 at different stages of root development
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the overexpression of OsEXPAS in rice could increase root
mass, leaf number and size, as well as plant height. Then
promoter analysis showed that the gene possessed a vari-
ety of root-specific expression-related elements (Table 1).
RHERPATEXPAT7 (root hair-specific cis-elements) involved
in root hair distribution patterns has been identified from
some EXPs important for plant root development (Zou et al.
2015). WUSATAg could regulate a WUS-type homeobox
gene of rice, which is related to the specification and mainte-
nance of the stem cells in the root apical meristem (Kamiya
et al. 2003). Sequence and promoter analysis preliminarily
revealed the functional correlation of CmEXPA4.

The organ, tissue, and cell specificity of EXP expression
has been reported in a large number of studies (Meng et al.
2015). Lu et al. (2016) analyzed the transcription profiles of
23 members in tomato, and most of the tested genes showed
an organ-preferential expression pattern. As observed in this
study, CmEXPA4 was highly expressed in the roots, exhibit-
ing a relative expression level of 14.5-43.2 times the expres-
sion in other organs (Fig. 4). Moreover, we found that the
gene expression level was also related to the degree of organ
maturity. This might be because the young tissue is gener-
ally associated with rapid growth and development, during
which the cell division and expansion of the physiological
process is relatively active, and the expansin, as a protein
promoting cell wall relaxation, is bound to actively partici-
pate in the regulation of these processes. Lee et al. (2003)
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Fig.7 Silencing CmEXPA4
affects root system archi-

tecture and plant growth in
chrysanthemum. a Expres-
sions of CmEXPA4 in control
(CK) and CmEXPA4-silenced
chrysanthemums (E26, E41).

b Comparison of the pheno-
type of roots between control
(CK) and CmEXPA4-silenced
plants (E26, E41). Bar=4 cm. ¢
Comparison of the phenotype of
plant between control (CK) and
CmEXPA4-silenced plants (E26,
E41). Bar=4 cm. d Above- 0 -
ground biomass growth indexes

(V)
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of control (CK) and CmEXPA4-
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Table 2 Effect of silencing CmEXPA4 on chrysanthemum roots

CK E26 E41
Total length (cm) 55.65+1.54a 36.41+1.0lc 46.63+1.44b
Average diameter 1.64+0.05a 1.34+0.03b 1.41+0.02b
(mm)

39.57+1.23a 30.01£0.29b 34.68+0.96¢c
2.18+0.06a 1.59+0.03c 1.86+0.03b
156 +6.36a  124+3.79b 142+4.06a

Surface area (cm?)
Total volume (cm?)

Root tip number

The root parameters were detected and recorded using LA-S plant
root analysis system (Wan Shen, Hangzhou, China). Data are shown
as the mean + SE (n=3). Different letters indicate statistically signifi-
cant differences at P<0.05 based on ANOVA, followed by Duncan’s
multiple test

found that GmEXPA1 in soybean seedlings constitutes a root
rapid cell elongation site for the occurrence of a high level
of expression and has enrichment in the shoot area opposite
to the mature area where root extension stops. However, this
does not mean that all EXPs are prioritized in active tissues;
some fruit ripening-related expansin genes only specifically
express in the mature fruit but not in the vegetative organs
(Lovisetto et al. 2015). Further studying the relationship
between CmEXPA4 and chrysanthemum root development,
we found that the relative expression level of CmEXPA4 was
almost synchronized with root system development, which
firstly indicated rapid growth and then tended to slow down.

mCK mE41
wE26

b
25 -
a 5 p
0 | ELa

Plant height Leaf width

(cm/plant)

Stem diameter

A similar finding was noted in a previous report: Lee et al.
(2003) studied the GmEXPI gene, a soybean root-specific
expansin protein, and found that its expression was altered
in the different developmental stages of the root and reached
its maximum expression in the roots of 5-day-old seedlings.
This suggested that some EXPs may be differentially regu-
lated at various plant developmental stages.
Phytohormones are necessary in regulating plant
development and protecting against adverse environmen-
tal changes. Promoter sequence analysis showed that the
CmEXPA4 promoter sequence possessed hormone-induced
related components, such as ABRE (Table 1). And the hor-
mone induction experiment results showed that IBA could
significantly induce the expression of CmEXPA4. IBA, as
an exogenous auxin analogue commonly used in chrysan-
themum cutting technology, is beneficial to rapid rooting
and elongation, and its application of in Malus hupehensis
Rehd. could induce the expression of the MhEXPI gene in
plant roots (Xudong et al. 2008). Therefore, in this study,
CmEXPA4 was strongly induced by IBA, which not only
corroborated its relationship with the growth of the root
system in chrysanthemum, but also provided us with a
new perspective: whether CmEXPA4 responds to plant
endogenous hormones and thus transcriptional expres-
sion to promote root growth, and the associated pathway
of this response. For instance, reports have suggested
that the accumulation of auxin can increase the activity
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Fig.8 Suppression of
CmEXPA4 inhibits the
expansion of cortical cells in
chrysanthemum roots. a Cross
section observations of the root
cortical cells in control (CK)
and CmEXPA4-silenced plant.
Arrows indicate cortical cells. e QT
(%200, Bar =100 um). b Longi- ‘ A~ ROPASR L
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of auxin susceptible genes, such as LAX3, thereby induc-
ing the expression of a set of cell wall-remodeling genes,
such as polygalacturonase and xyloglucan endotransglu-
cosylase, which are involved in pectin polymer cleavage
and cell wall loosening, respectively, thereby coordinating
cell separation and organ emergence (Porco et al. 2016).
In addition, CmEXPA4 was strongly suppressed by ABA.
It has been reported that ABA can inhibit the secretion of
cell H*, prevent cell wall acidification and cell elongation,
and thus inhibit the hypocotyls, shoots, roots, and other
organs of the elongation growth process (Davies 2010).
It suggested that CmEXPA4 is not regulated by a single
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hormone, but rather that it interacts with many hormones
to ultimately affect the physiological processes of the
plant.

Silencing of CmEXPA4 resulted in blocking the growth
of chrysanthemum root system (Fig. 7b; Table 2). Similar
attempts have succeeded in identifying the function of EXPs
by establishing RNA interference. For instance, in rice, the
inhibition of OsEXPAS expression significantly damaged
the root structure, leading to shorter roots and fewer lateral
roots (Wang et al. 2014). In recent years, root research also
focused on the study of root morphological structure. Guo
et al. (2017) found that chrysanthemum could improve the
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absorption and utilization of nitrate by adjusting the root
system configuration. Here the silencing of CmEXPA4
resulted in a significant reduction in root parameters, such
as total length and average diameter, which have become an
important index for evaluating the nutrient uptake of plants
in recent research reports (Xiao et al. 2015; Luo et al. 2016).
The decrease in the growth of the silenced plants in this
experiment indirectly supported this. Root growth inhibi-
tion is certainly not conducive to the absorption of nutrients,
leading to poor plant growth in nutritional terms. A healthy
plant body is the first line of response to environmental
adversity. In the production and landscape application of
chrysanthemum, the expression of this gene can be modi-
fied using genetic engineering technology to breed novel
cultivars based on root system characteristics.

Previous studies have also reported that the impact of
expansins on plant organ size is based on the accumulation
of individual cell effects. Azeez et al. (2010) found that the
increase in pistil style length was a consequence of increased
cell expansion. Zou et al. (2015) noted that the cell size of
root cortical cells in OsEXPB2-suppressed rice lines was sig-
nificantly smaller than that of their counterparts in wild-type
plants. A similar phenomenon was found in this study upon
observation of the root tissue sections of infected and con-
trol plants. Cortical cells in the roots of CmEXPA4-silenced
plants were arranged in a more chaotic manner and indicated
a significant reduction in length and width (Fig. 8a—c). In
rice, the down-regulation of OsEXPAS also severely limits
the size of root vascular cells (Wang et al. 2014); however,
in this study, the size of the vascular bundles did not change
much. This indicates that the functional mechanisms of dif-
ferent genes from the expansin family differ. The anatomi-
cal observations revealed the relationship between pheno-
typic changes and the role of gene operation from the cell
level. When plants respond to different external factors, the
most obvious change is morphological, and morphological
changes in the roots are important regulatory mechanisms
for responding to changes in the environment, especially
under stress conditions. Some of the root-specific EXPs will
thus become indispensable in improving the root configura-
tion in order to cope with adversity. For instance, the overex-
pression of TaEXPB23 enhanced root system development in
wheat and improved plant resistance (Li et al. 2015a, b; Han
et al. 2015). The promoter analysis results showed that there
was a series of cis-acting elements related to adverse stress
in the regulatory region sequence at the 5’ of CmEXPA4,
including TC-rich repeats and LTRE (Table 1). Thus, the
next research direction of CmEXPA4 can begin from here
and further explore the interactory mechanisms with some
stress-regulating hormones.

In summary, CmEXPA4, a typical EXPA family gene
that expressed preferentially in chrysanthemum roots, par-
ticipates in the root growth process, especially in the rapid

growth stage. The expression of this gene is regulated
by hormones and its down-regulation could inhibit root
growth and plant development by affecting cell growth.
Our results enriched the relevant research foundation.
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