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Abstract

Suberin is a cell-wall biopolymer with aliphatic and aromatic domains that is synthesized in the wound tissues of
plants in order to restrict water loss and pathogen infection. w-hydroxyacid/fatty alcohol hydroxycinnamoyl trans-
ferase (FHT) is required for cross-linking of the aliphatic and aromatic domains. ABA is known to play a positive role
in suberin biosynthesis but it is not known how it interacts with FHT. In this study, the kiwifruit (Actinidia chinensis)
AchnFHT gene was isolated and was found to be localized in the cytosol. Transient overexpression of AchnFHT
in leaves of Nicotiana benthamiana induced massive production of ferulate, w-hydroxyacids, and primary alcohols,
consistent with the in vitro ability of AchnFHT to catalyse acyl-transfer from feruloyl-CoA to w-hydroxypalmitic acid
and 1-tetradecanol. A regulatory function of four TFs (AchnABF2, AchnMYB4, AchnMYB41, and AchnMYB107) on
AchnFHT was identified. These TFs localized in the nucleus and directly interacted with the AchnFHT promoter in
yeast one-hybrid assays. Dual-luciferase analysis indicated that AchnABF2, AchnMYB41, and AchnMYB107 acti-
vated the AchnFHT promoter while AchnMYB4 repressed it. These findings were supported by the results of tran-
sient overexpression in N. benthamiana, in which AchnABF2, AchnMYB41, and AchnMYB107 induced expression
of suberin biosynthesis genes (including FHT) and accumulation of suberin monomers, whilst AchnMYB4 had the
opposite effect. Exogenous ABA induced the expression of AchnABF2, AchnMYB41, AchnMYB107, and AchnFHT
and induced suberin monomer formation, but it inhibited AchnMYB4 expression. In addition, fluridone (an inhibitor
of ABA biosynthesis) was found to counter the inductive effects of ABA. Activation of suberin monomer biosyn-
thesis by AchnFHT was therefore controlled in a coordinated way by both repression of AchnMYB4 and promotion of
AchnABF2, AchnMYB41, and AchnMYB107.
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Introduction

Suberin forms a lipophilic extracellular barrier and is usually
deposited on the inner side of the primary cell wall in plants
(Ranathunge et al., 2011). It is a complex biopolymer com-
posed of cross-linked aliphatic and aromatic domains (Graga
et al.,2015) and is constitutively synthesized in a variety of both
internal and exposed plant tissues (Vishwanath et al., 2015) to
protect wound tissue from water loss and from bacterial and
fungal attack (Leide et al., 2012). The aliphatic domain con-
sists of a glycerol-based fatty acid-derived polyester comprised
primarily of w-hydroxyacids, o, w-dicarboxylic acids, fatty al-
cohols, and small amounts of p-hydroxycinnamic acids (mainly
ferulate) (Pollard et al., 2008; Graca et al., 2015), while the aro-
matic domain is principally composed of p-hydroxycinnamates
(ferulate, p-coumarate, and sinapate) and their derivatives
(Bernards and Razem, 2001). Fatty w-hydroxyacid/fatty al-
cohol hydroxycinnamoyl transferase (FHT) is a member of
the BAHD family of HxxxD-type acyltransferases, and trans-
fers feruloyl from feruloyl-CoA to fatty w-hydroxyacids and
fatty alcohols to form suberin monomers (Serra et al., 2010).
Genes encoding FHT required for suberin biosynthesis have
been identified in Arabidopsis roots (ASFT/HHT) and potato
tubers (FHT) (Gou et al.,2009; Molina et al.,2009; Boher et al.,
2013).

Wound damage commonly occurs in fresh fruit and veget-
ables during harvest and post-harvest processing, and rapid
wound healing including suberin deposition at the wound
site can extend the subsequent storage life (Leide ef al., 2012;
Fugate et al., 2016). ABA is a broad-spectrum phytohormone
involved in a host of biological processes, including responses
to biotic and abiotic factors (Yoshida et al., 2010, 2015). There
is accumulating evidence to indicate that ABA plays a positive
role in suberin biosynthesis in a variety of different species and
tissues, including Arabidopsis roots (Efetova et al.,2007), potato
tubers (Boher et al.,2013), tomato fruit (Leide ef al.,2012), and
kiwifruit (Han ef al.,2017). Our previous studies have indicated
that ABA can increase wound-associated deposition of suberin,
with a concomitant increase in the expression of suberin bio-
synthetic genes in kiwifruit (Han ef al.,2017,2018) and tomato
fruit (Tao et al., 2016). The blocking of ABA biosynthesis by
fluridone (FLD) provides a reliable means of determining the
role of ABA in wound-induced suberization in potato tubers
(Lulai et al., 2008) and tomato fruit (Tao et al., 2016).

Transcriptional regulation plays a crucial role in the ABA
signaling pathway. Many transcription factors (TFs) have been
identified that mediate ABA regulation through the cis-acting
regulatory elements of ABA/stress-inducible genes (Agarwal
and Jha, 2010). MYB genes constitute a large TF family with
diverse functions including suberin monomer biosynthesis
(Kosma et al., 2015; Lashbrooke et al., 2016; Legay ef al., 2016).
Arabidopsis mutants of MYB107 display significant reductions
in ASFT expression and in ferulate accumulation in seeds
(Lashbrooke et al.,2016), while overexpression of AtMYB41 in
Arabidopsis and Nicotiana benthamiana induces ASFT expres-
sion and ferulate accumulation (Kosma et al., 2015). ABF2 is
one of the master TFs of ABA signaling in response to abiotic
stress (Gao et al., 2016). MYB4 functions as a repressor of the

cinnamate 4-hydroxylase (C4H) and 4-coumarate (4CL; CoA
Ligase) genes to control the formation of the sinapate ester
(hydroxycinnamic acid derivatives) (Jin et al., 2000). However,
the identity of the TFs that directly control the ABA-mediated
suberin biosynthetic genes has not been determined.

In this study, we isolated the kiwifruit AchnFHT and
four TF genes, AcmABF2, AchnMYB4, AchnMYB41 and
AchnMYB107. The functional characterization of AchnFHT
was determined by the in vitro activity of the purified protein
and by transient overexpression in N. benthamiana leaves. The
regulatory functions of AchnABF2, AchnMYB4, AchnMYB41,
and AchnMYB107 on AchnFHT were investigated using
yeast one-hybrid and dual-luciferase assays, and by transient
overexpression in N. benthamiana leaves. In addition, the re-
sponses of gene expression and accumulation of suberin mono-
mers to exogenous ABA and FLD were determined.

Materials and methods

Plant material and treatments

Kiwifruit (Actinidia chinensis Planch, cv. Xuxiang) free from physical in-
juries and infections, and of similar size and shape were harvested at
commercial maturity in Hangzhou, Zhejiang Provence, China. The har-
vested fruit were surface-sterilized with 0.5% (v/v) sodium hypochlorite
solution for 3 min, washed with sterile deionized water, surface-dried,
and then cut longitudinally in half using a sterilized blade on a sterile
bench (SW-CJ-1D, Suzhou Purification Equipment Co., China) at room
temperature. The fruit halves were treated with either deionized water,
0.1 mmol I"' FLD, or 0.5 mmol I"" ABA using vacuum-infiltration as de-
scribed previously (Tao ef al., 2016; Han et al., 2018). A total of 270 fruit
were harvested from different plants and randomly divided into three
groups of 90 for each treatment with three replicates. After treatment, the
fruit halves were placed into a sterile incubator (HWS, Ningbo Southeast
Instrument Co., China) in darkness for wound healing at 20 °C and 85%
RH (relative humidity). Wound tissue samples consisted of slices of the
outer pericarp region of 1.0—1.5 mm thickness below the cut surface of
the fruit halves (Wei ef al. (2018). The collected samples were frozen in
liquid nitrogen and stored at =80 °C until further analysis.

RNA extraction and cDNA synthesis

Total RNA was extracted from the wound tissues of kiwifruit and from
leaves of Nicotiana benthamiana using the cetyltrimethylammonium
bromide (CTAB) method (Reid et al., 2006). The extraction buffer con-
tained 0.3 M Tris HCI (pH 8.0), 25 mM EDTA, 2 M NaCl, 2% CTAB,
2% PVPP, and 0.05% spermidine trihydrochloride. Samples were ground
to a fine powder in liquid nitrogen using a mortar and pestle. The powder
was added to pre-warmed extraction buffer with 2% f3-mercaptoethanol,
incubated at 65 °C for 10 min, and centrifuged at 10 000 g at 4 °C for
10 min. The supernatant was extracted twice with an equal volume of
chloroform and then centrifuged, followed by mixing with 0.2 volumes
of LiCl (12 M), and then stored at 4 °C for 12 h. The supernatant was
centrifuged at 10 000 g at 4 °C for 20 min, and the RINA was dissolved
in SSTE buffer. RNA was precipitated by mixing the solution with two
volumes of pre-chilled absolute ethanol at =80 °C for 30 min and pel-
leted by centrifugation. The RNA pellet was washed with 75% ethanol
(=20 °C), air-dried, and dissolved in R Nase-free water. RNA concentra-
tions and 260/280 nm ratios were determined using a NanoDrop 2000
(NanoDrop Technologies, Inc.). Contaminating gDNA was removed
using a TURBO DNA-free kit (ThermoFisher Scientific). A 1-pg ali-
quot of RNA was used for cDNA synthesis using an iScript™ ¢cDNA
Synthesis kit (Bio-Rad).
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Real-time PCR analysis

The cDNA of kiwifruit and N. benthamiana genes for RT-qPCR
were obtained by tblastx analysis against the kiwifruit genome data-
base (http://bioinfo.bti.cornell.edu/cgi-bin/kiwi/home.cgi) and the
SOL Genomics Network database (https://solgenomics.net/), respect-
ively, using Arabidopsis suberin biosynthetic genes as the queries (see
Supplementary Table S1 at JXB online). Gene-specific primers were
designed using Primer 5.0 and are listed in Supplementary Table S1.
Real-time PCR was performed in 96-well plates using SYBR® Premix
Ex Tag™ (Takara Biomedical Technology Co., China) with an Applied
Biosystems 7500 real-time PCR system (ThermoFisher Scientific). The
2722T ethod was used to determine the relative fold-differences in
template abundance for each sample. The gene-specific primers, SYBR®
Premix Ex Tag™ II (Tli RNaseH Plus), and the cDNA template were
mixed to obtain the 25-ul PCR reaction mix. Reactions were run using
the recommended cycling parameters of 95 °C for 2 min followed by
95 °C tor 55, 60 °C for 30 s, for 40 cycles. Controls without the cDNA
template were included for each primer pair, and each PCR reaction was
conducted in triplicate.

AchnFHT heterologous expression and enzyme activity assays

The AchnFHT coding sequence was amplified using forward and reverse
primers with the recognition sites SacI-Sall to subclone into the pET-28a
vector (Supplementary Table S2). A His tag was fused in-frame at the N
terminus. This construct was transferred to Escherichia coli BL21 (DE3)
cells by heat-shock and they were grown in Luria-Bertani (LB) plates
containing 50 ug ml™" carbenicillin to express the fused proteins. A single
bacterial colony was used to inoculate a liquid LB medium with 50 pg
ml™! carbenicillin and was grown overnight at 37 °C with shaking. The
pre-culture (5 ml) was used to inoculate 500 ml of fresh medium until
ODy,=0.5, and expression of AchnFHT was induced for 15 h at 18 °C
with 0.1 mM isopropyl-f3-thiogalactopyranoside (IPTG). The proced-
ures for protein extraction and subsequent purification were as described
by Beuerle and Pichersky (2002). The soluble recombinant protein was
purified by Ni**~chelating chromatography, and the presence of the fu-
sion protein was confirmed by SDS-PAGE.

Feruloyl transferase assays were performed according to Serra et al.
(2010). The reaction mixture (1 ml) contained 0.2 mM feruloyl-CoA,
1 mM dithiothreitol, 50 mM Tris-HC], 0.2 mM w-hydroxypalmitic acid
or 1-tetradecanol, and 20 pl of recombinant AchnFHT protein. The reac-
tion mixture was incubated for 20 min at 30 °C, stopped with the same
volume of hot acetonitrile (60 °C), heated at 96 °C for 1 min, and then
the mixture was filtered through 0.22-pm membranes before HPLC/
LC-MS analysis. Reactions were performed with three replicates. The
reaction products were analysed using a Waters 2695 HPLC equipped
with a C18 column (Intertsil ODS-3, 250X4.6 mm, 5 pm; Shimadzu)
and a detector set at 320 nm. of the detailed chromatographic conditions
were as described by Lotfy et al. (1994). For LC-MS analysis, the reac-
tion products were resolved with a reverse-phase C18 column (XDB-18,
250%4.6 mm, 5 wm; Agilent) at a constant flow rate of 0.3 ml min~' with
the gradient mobile phase of 50% acetonitrile (solvent B) in 0.1% acetic
acid in water (solvent A) for 3 min, then increased to 100% B within
12 min and maintained for another 3 min. The eluent was injected into
a mass spectrometer equipped with an AJS ESI source (Agilent). The MS
spectrum of w-feruloyloxypalmitic acid was collected in positive and
negative modes at 3.0 kV and 4.0 kV spray voltage, respectively, 45 psi
nebulizer, 5 L min~" dry gas at 325 °C, and 350 °C vaporizer temperature.

Yeast one-hybrid assays

The tull-length sequences of kiwifruit AchnFHT, AchnABF2, AchnMYB4,
AchnMYB41,and AchnMYB107 were obtained by tblastx analysis against
the kiwifruit genome database using Arabidopsis AtASFT, AtABF2,
AtMYB4, AtMYB41, and AtMYB107 as the queries, respectively. Yeast
one-hybrid (Y1H) screening was carried out using the Matchmaker™
Gold Yeast One-Hybrid Library Screening System (Clontech) (Zeng
et al., 2015). The bait fragment (the 1475-bp fragment of the AchnFHT
promoter) was cloned into the pAbAi vector. AchnFHT-AbAi and

p53-AbAi were linearized and transformed into Y1HGold to make in-
dividual bait-reporter strains. Transformants were initially screened on
plates containing SD medium without Ura (SD/-Ura) supplemented
with 0-1000 ng ml™' aureobasidin A (AbA) for auto-activation analysis.
Full-length coding sequences of AchnABF2, AchnMYB4, AchnMYB41,
and AchnMYB107 were cloned into the pGADT7 (AD) prey vector and
transterred into individual bait-reporter yeast strains. The transformed
Y1HGold were cultured on SD medium with 50 ng ml™' AbA and
without leucine (SD/~Leu+AbA®) at 28 °C for 3 d to test the inter-
actions. pGADT7-Rec (AD-Rec-P53) was co-transformed with the
p53-promoter fragment toY 1THGold as positive control, while AD-empty
and AchnFHT-AbAI were used as negative controls. The primers used for
the Y1H assays are listed in Supplementary Table S2.

Dual luciferase assays

Dual luciferase assays were performed according to Min et al. (2012).
Full-length coding sequences of AchnABF2, AchnMYB4, AchnMYB41,
and AchnMYB107 were individually inserted into the pGreen II 0029
62-SK vector (SK), and the fragment of AchnFHT promoter was in-
serted into the pGreen II 0800-LUC vector. All the constructs were
transformed into Agrobacterium tumefaciens GV3101 using the freeze—thaw
method (Holsters ef al., 1978). The dual luciferase assays were performed
with N. benthamiana that had been grown in controlled environment
chambers for 5 weeks. Agrobacterium cultures were prepared with infiltra-
tion bufter (10 mM MgCl,, 10 mM MES, and 150 mM acetosyringone)
to ODg(,=0.8. Agrobacterium culture mixtures of TF genes (1 ml) and
promoter (100 pl) were infiltrated into the abaxial side of the leaves using
needleless syringes. Leaves were sampled 3 d after infiltration for ana-
lyses of FLUC (Firefly luciferase) and RLUC (Renilla luciferase) activ-
ities using a Dual-Luciferase Reporter Assay System (Promega) equipped
with Modulus Luminometers (Promega). Luciferase activity was analysed
in three independent experiments with six replications for each assay. The
primers used are listed in Supplementary Table S2.

Plasmid construction for transient overexpression

The full-length coding sequences of AchnFHT, AchnABF2, AchnMYBH4,
AchnMYB41, and AchnMYB107 were individually cloned into the plant
binary vector pBI121, replacing the GUS gene, behind the CaMV 35S
promoter. The recombinant plasmids were transformed into Agrobacterium
cells (EHA105) by the freeze—thaw method (Holsters et al., 1978) and
grown in Yeast Extract Peptone (YEP) plates containing 100 pg ml ™'
ampicillin and 20 pg ml™" rifampin. A single bacterial colony was in-
oculated into 50 ml liquid YEP medium and was grown to saturation.
After centrifugation, the pellet was re-suspended in the infection solution
(10 mM MES, 10 mM MgCl,, and 150 mM acetosyringone). Leaves of
5-week-old N. benthamiana were used for infiltration, and the pBI121
empty vector was used as the control. The experiments were independ-
ently repeated at least three times. At 6 d after infiltration, leaves were
harvested for gqRT-PCR and suberin monomer analysis. The primers are
listed in Supplementary Table S2.

Subcellular localization analysis

Transient expression was conducted to examine the subcellular lo-
calization of AchnFHT, AchnABF2, AchnMYB4, AchnMYB41, and
AchnMYB107 according to Voinnet et al. (2003). The coding sequences
of AchnFHT, AchnABF2, and the three AchnMYB genes without termin-
ation codons were inserted into the pBI221-EGFP vector and transiently
expressed under the control of the CaMV 35S promoter. The fusion con-
structs 35S::FHT-GFP, 35S:: ABF2-GFP, 35S::MYB4-GFP, 35S::MYB41-
GFP, 35S::MYB107-GFP, and control vector pBI221-EGFP (35S::GFP)
were transformed into Agrobacterium cells (EHA105) and grown in YEP
plates containing 100 ug ml™" ampicillin and 20 pg ml™" rifampin. The
bacterium was grown to saturation in the liquid YEP medium. After cen-
trifugation, the pellet was re-suspended in the infection solution (10 mM
MES, 10 mM MgCl,, and 150 mM acetosyringone), and was injected
into leaves of 4-week-old of N. benthamiana. The green was observed 3 d
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after infiltration under a confocal microscope (TCS SP8, Leica) with ex-
citation at 488 nm and detection at 495—531 nm. All transient expression
assays were repeated at least three times. The primers used for subcellular
localization are listed in Supplementary Table S2.

Suberin depolymerization and monomer analysis

The soluble lipid fraction was extracted from wound tissue samples as
described by Legay et al. (2016). The dry residue was depolymerized
using acid-catalysed methanolysis following the method described by
DeBolt et al. (2009). Briefly, the samples (1 g) were placed in glass vials,
4 ml of sulfuric acid/methanol (1:20, v/v) was added, and the vials were
immediately incubated at 85 °C for 3 h. Methyl heptadecanoate and
w-pentadecalactone were used as internal standards. The suberin mono-
mers were extracted by adding two volumes of dichloromethane and
one volume of 0.9% (w/v) NaCl. After washing with distilled water, the
organic phase was dried over anhydrous sodium sulfate and evaporated
under nitrogen gas. The suberin depolymerization residue was derivatized
by adding 100 pl of pyridine and 100 pl of N, O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA) at 70 °C for 40 min. After derivatization,
the samples were dried under nitrogen gas and re-dissolved in 500 pl
dichloromethane. A 20-pl aliquot was then analysed using an Agilent
Technologies 7890B-5977A Gas Chromatograph—Mass Spectrometer
Detector (GC-MSD) system. Details of the chromatographic conditions
are given in Han et al. (2017).The analyses were repeated at three times.

Accession numbers

Sequence data from this study can be found in the Kiwifruit
Genome Database, SOL Genomics Network Database, TAIR,,
and NCBI under the following gene ID and accession num-
bers: AchnFHT (Achn348111), StFHT (F]J825138), NbFHT
(Niben101Scf08936g06001.1), QsFHT  (XM024033912),

+

AchnFHT

AtASFT  (At5g41040), AchnABF2 (315671), AtABF1
(At1g49720), AtABF2 (At1g45249), AtABF3 (At4g34000),
AtABF4  (At3g19290),  AchnMYB4  (Achn020361),

AchnMYB41 (Achn345001), AchnMYB107 (Achn267491),
AtMYB3  (At1g22640), AtMYB4 (At4g38620), AtMYB7
(At2g16720), AtIMYBY9 (At5g16770), AtMYB32 (At4g34990),
AtMYB41 (At4g28110), AtMYB74 (At4g05100), AtMYB102
(At4g21440), and AtMYB107 (At3g02940).

Results
Gene isolation and analysis

A fragment (1475 bp) of the AchnFH'T promoter was obtained
from kiwifruit DNA and cis-acting regulatory elements were
analysed using the PLACE database (https://www.dna.affrc.
go.jp/PLACE/). The AchnFH'T promoter contained an ABA-
responsive element (ABRE; Fig. 1a, box) and three MYB rec-
ognition elements (MYBREs, underlined), which could be
bound with bZIP and MYB proteins, respectively.

The tull-length coding sequence of AchnFHT (1299 bp) was
obtained from kiwifruit cONA, and encoded a predicated pro-
tein of 432 amino acids of deduced molecular mass 47.9 kDa
with a theoretical PI of 5.3. AchnFHT displayed high simi-
larity with potato StFHT (81%), tobacco NbFHT (76.2%),
and Arabidopsis AtASFT (70%). Multiple alignments of the
proteins highlighted two conserved motifs that were common
to the plant BAHD acyltransterase (Fig. 1b). The HxxxD
motif (His'**~Asp'®®) is involved in the catalytic activity of
acyl transfer from acyl-CoA to fatty w-hydroxyacids and fatty
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Fig. 1. Sequence analysis of AchnFHT. (a) The cis-acting regulatory elements of the AchnFHT promoter. The ABRE is indicated by the box and the MYB
recognition elements are underlined in the part fragment of the promoter. (b) Amino acid sequences of Actinidia chinensis AchnFHT, Solanum tuberosum
StFHT, Nicotiana benthamiana NbFHT, Quercus suber QsFHT, and Arabidopsis thaliana AtFHT aligned using ClustalX. The HxxxD and DFGWG motifs are

indicated.
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alcohols (El-Sharkawy et al., 2005), whilst the DEGWG motif
(Asp™®'—Gly**) was located away from active sites and plays a
structural role (Ma et al., 2005).

The full-length coding sequence of AchnABF2 was isolated
from kiwifruit cDNA. Based on a phylogenetic tree constructed
using FigTree (Fig. 2a), AchnABF2 clustered with Arabidopsis
AtABF2, which has was identified as a transcriptional activator
of ABA signaling in responses to abiotic stresses (Yoshida ef al.,
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AchnABF2 59
ATABF2 52
AchnABF2 115
AtABF2 109
AchnABF2 156
ATABF2 169
AchnABF2 213
ATABF2 227
AchnABF2 272
ATABF2 276
AchnABF2 332
ATABF2 334
AchnABF2 392
ATABF2 394
AchnABF2 401
ATABF2 415
AchnMYB4 MGRSPCCEK; GKSCRLRWINY 60
AtMYB4 MGRSPCC; CRLRWEINY]| 60
ATtMYB7 MGRSPCC: CRLRWEINY) 60
ATMYB32 MGRSPCC! 60
ATMYB3 MGRSPCCEK 60
AchnMYB4 120
AtMYB4 120
ATMYBT 120
ATMYB32 120
ATMYB3 120
AchnMYB4 vzmu#rsﬂt XITC. .GFGTROORNE. . 163
AtMYB4 NTENISETSA V TFHESISFEC R ISMI 180
ATMYBT i F L‘r ETDK. . SGDQHS IRN 171
ATMYB32 FGPQUBKIAN. . FGDERIGRR 173
ATMYB3 A.LQNBVVET e cevEH PVREETGMVNNCESSGIT 176
AchnMYBE ..........] QH s viovs siniaio o EPLRIGNSLOACS: 203
AtMYB4 TFKEEKDEC! <KSTT! FXCSHGM B 236
AtMYB7 GLVCKEERVVMEEX IGERANARIRESBEIONG . . . ... .... REISTETASREYM: 221
ATMYB32 ... EYS CXLEDERNLREGRVKYRGSACREGEGNGX 226
ATMYB3 S...EKDYGNEERWY. . JAURSASUGHSYRYES .. ... ....... KVSVVDSAESTRR 218
AchnMYB4 SHTXGCGESONGTES. ... ... .. . : 240
AtMYB4 [RCGRMRELVVG! KG. ..o X o 281
AtMYB7 SETVKEQTEN. ISYSSID N - M 268
ATMYB32 CNNVKGQTEL: ssyssr): oo : 273
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2010). Examination of the amino acid sequences indicated that
they shared a basic region near the C terminus (Fig. 2¢, dashed
line), and immediately downstream they contained four heptad
repeats of leucine (arrowheads), indicating that AchnABF2 en-
coded a bZIP protein (Landschulz ef al., 1988). In addition,
AchnABF2 also possessed a glutamine-rich domain (Fig. 2c,
solid lines), which is a transcriptional activation domain of
bZIP proteins (Meshi and Iwabuchi, 1995). Three MYB genes,
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Fig. 2. Alignment and phylogenetic analyses of ABF2 and MYB transcription factors from kiwifruit and Arabidopsis. (a, b) Phylogenetic trees of
AchnABF2 and AchnMYB transcription factors with homologs from Arabidopsis. (c—f) The amino acid sequence alignments of AchnABF2, AchnMYB41,
AchnMYB4, and AchnMYB107 with homologs from Arabidopsis. The basic region and leucine repeats of AchnABF2 are indicated by the dashed line
and arrowheads, respectively, and glutamine-rich regions are indicated by solid lines. The primary structures of R2R3-MYB and the conserved motifs of
MYB41, MYB4, and MYB107 are indicated by asterisks and boxes, respectively. The phylogenetic trees were constructed using FigTree (http://tree.bio.

ed.ac.uk/software/figtree/), and the sequences were aligned using ClustalX.
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designated as AchnMYB4, AchnMYB41, and AchnMYB107,
were isolated from kiwifruit. Phylogenetic analysis showed that
AchnMYB107, AchnMYB41, and AchnMYB4 clustered with
Arabidopsis AtMYB107,AtMYB41, and AtMY B4, respectively
(Fig. 2b). AchnMYB41 and AchnMYB107 belonged to R2R3
subgroups 11 and 10, respectively, and shared their conserved
motifs (Fig. 2d, f, black box) (Stracke et al.,2001). AchnMYB4
belonged to subgroup 4 proteins, which is the repressor-type
MYB group in regulating hydroxycinnamic acid metabolism
(Jin et al., 2000). Alignment analysis showed that AchnMYB4
shared a conserved motif of subgroup 4 (Fig. 2e, black box).

Recombinant AchnFHT functions as a feruloy!
transferase

The recombinant AchnFHT protein was used to test for en-
zyme activity in vitro. SDS-PAGE analysis showed confirmed
the purity of the AchnFHT protein as it appeared as a single
band (Supplementary Fig. S1). Feruloyl-CoA was used as
the acyl donor, and a primary alcohol (1-tetradecanol) and a
w-hydroxyacid (w-hydroxypalmitic acid) were used as acyl ac-
ceptors. Only feruloyl-CoA was detected in reactions without
the AchnFHT protein, at a retention time of 2.55 min (Fig. 3a).
New and unique peaks corresponding to w-feruloyloxypalmitic
acid (Fig. 3b) and tetradecyl ferulate (Fig. 3¢) appeared in the
reactions at retention times of 16.39 min and 21.16 min, re-
spectively. The reaction system of w-hydroxypalmitic acid was
further confirmed by LC-MS.The mass of the main molecular
ion [(M-H)"=449 m/z and (M-H) =447 m/z] indicated that
ferulic acid was conjugated with w-hydroxypalmitic acid to
form w-feruloyloxypalmitic acid (Fig. 3d, e), which was con-
sistent with previous studies (Gou et al.,2009; Serra et al.,2010).

Catalysation of suberin monomer biosynthesis by
AchnFHT

To investigate the in vivo function of AchnFHT, it was transi-
ently overexpressed in N. benthamiana leaves, and the suberin
monomers ferulate, w-hydroxyacids, and primary alcohols
were examined. Overexpression of AchnFHT resulted in sig-
nificant production of ferulate, w-hydroxyacids, and primary
alcohols (Fig. 4a). The ferulate content in N. benthamiana
leaves after 6 d of AchnFH'T expression was 4.5-fold higher
than that of the empty vector control. Likewise, significant in-
duction of w-hydroxyacids with chain lengths C16—-C24 was
detected in plants overexpressing AchnFHT, in particular the
C18:1 w-hydroxyacid, which was 4.3-fold higher than in the
control. In addition, pronounced increases were also detected
in primary alcohols of chain lengths C18—C24. In total, the su-
berin monomers in leaves overexpressing AchnFHT amounted
t0 29.6 mg g ', an increase of 3.2-fold compared to the control

(Fig. 4D).
AchnABF2, AchnMYB41, and AchnMYB107 activate
the AchnFHT promoter and AchnMYB4 represses it

Y1H assays were used to determine whether AchnABF2,
AchnMYB41, AchnMYB107, and AchnMYB4 were capable
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Fig. 3. /n vitro activity of AchnFHT. (a—c) HPLC chromatograms monitored
at 320 nm showing the reaction products after incubating feruloyl-CoA
and w-hydroxypalmitic acid without the AchnFHT protein (), feruloyl-CoA
and w-hydroxypalmitic acid with the AchnFHT protein (b), and feruloyl-CoA
and 1-tetradecanol with the AchnFHT protein (c). (d, €) The mass spectra
obtained in the AchnFHT enzymatic assay using feruloyl-CoA and -
hydroxypalmitic acid as substrates. The mass of the main molecular ions
at 449.2 m/z in positive mode (d) and at 447.1 m/z in negative mode (e),
corresponding to w-feruloyloxypalmitic acid.
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Fig. 4. (a) Suberin monomers from leaves of N. benthamiana infiltrated with AchnFHT, AchnABF2, AchnMYB4, AchnMYB41, and AchnMYB107
compared with the empty vector control (pB/721 Ev). (b) Total content of suberin monomers. Data are means (+SD), n=3. Significant differences were

determined using Student’s t-test: *P<0.05.

of physically interacting with the AchnFHT promoter.
Linearized AchnFHT-AbAi was transformed into Y1HGold
and grown on SD/—Ura medium with aureobasidin A (AbA)
from 0-1000 ng ml ™!, and we found that the AchnFHT pro-
moter was suppressed by 50 ng ml™' AbA. In the interaction
tests, expression of AchnABEF2, AchnMYB41, AchnMYB107,
and AchnMYB4 separately induced the expression of the AbA-
resistance reporter gene driven by the AchnFHT promoter
(Fig. 5a), indicating that all the four TFs could directly interact
with the AchnFH'T promoter.

To verify the regulatory role of the four TFs on AchnFHT,
dual luciferase assays were performed in N. benthamiana leaves
(Fig. 5b). AchnMYB41, AchnMYB107, and AchnABF2 could
significantly activate the promoter of AchnFHT, which reached
levels that were 3.0-, 2.7-, and 3.2-fold higher than that of
the control, respectively. In contrast, AchnMYB4 repressed
AchnFH'T promoter, resulting in only 0.6-fold expression of
the control.

Regulation of expression of suberin biosynthetic genes
and accumulation of suberin monomers by AchnABF2
and AchnMYBs

To wvalidate the regulatory role of kiwifruit AchnABF2,
AchnMYB4, AchnMYB41, and AchnMYB107 on AchnFHT,
the four TF genes were separately transiently overexpressed
in N. benthamiana leaves and expression of suberin biosyn-
thetic genes (Table 1) and accumulation of monomers (Fig.
4) were determined. Genes implicated in the aliphatic and

phenolic pathways were largely altered by overexpression of
AchnABF2 and AchnMYB. Two N. benthamiana homologs of

AchnFH'T, namely NbFHT and NbFHT?2, were significantly
induced by overexpression of AchnMYB41, AchnMYB107,
and AchnABF2, particularly NDFHT that shares high hom-
ology with AchnFH'T (Fig. 1b), which displayed increases of
7.1-, 8.0-, and 8.2-fold relative to the control, respectively. In
addition, expression of the 3-ketoacyl-CoA synthase (KCS)
genes, NbDKCS2, NbKCS4, and NbKCS11, were significantly
elevated. The KCS proteins are part of the fatty acid elong-
ation complex that generates very long-chain fatty acids in su-
berin biosynthesis (Vishwanath et al., 2015). Genes encoding
fatty acid w-hydroxylases (NbCYP86A1, NbCYP86B1) and
fatty acyl-reductases (NDFAR?2, NbFAR3), which are in-
volved in suberin monomer biosynthesis (Hofer et al., 2008;
Compagnon et al., 2009; Domergue et al., 2010), were also
strongly up-regulated. In the phenolic pathway, phenyl-
alanine ammonia lyase (NbPAL2) and 4-coumarate CoA
ligase (Nb4CL1) are tightly associated with suberin biosyn-
thesis (Kosma et al., 2015; Lashbrooke et al., 2016), and were
also elevated by overexpression of AchnMYB41, AchnMYB107,
or AchnABF2. Conversely, significant repression of the su-
berin biosynthetic genes was detected in leaves overexpressing
AchnMYB4, specifically NbFHT and NbFHT2, which were
10.9- and 8.2-fold lower than that of the control, respectively.

We  examined the suberin monomers ferulate,
w-hydroxyacids, and primary alcohols in N. benthamiana
leaves (Fig. 4). Ferulate content was significantly increased by
overexpression of AchnMYB41, AchnMYB107,and AchnABF?2,
by 4.0-, 4.2-, and 4.8-fold relative to the control, respectively.
Similar results were also found for w-hydroxyacids and pri-
mary alcohols, which were mainly produced by CYP86A1 and
CYP86B1, and by FARs, respectively. Pronounced increases
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Fig. 5. AchnABF2, AchnMYB41, AchnMYB107, and AchnMYB4 individually activate or repress the AchnFHT promoter. (a) Yeast one-hybrid assays.
AD-Rec-p53 with p53-AbAi was used as the positive control and AD-empty with AchnFHT-AbAi was used as the negative control. (b) Dual luciferase
assays demonstrating that AchnABF2, AchnMYB41, and AchnMYB107 activate the AchnFHT promoter, and AchnMYB4 repress the promoter. The
ratio of LUC/REN of the empty vector (SK) plus the promoter was used as the reference (set as 1). Pro, promoter; Ept, empty. Data are means (+SD) of
three independent experiments each with six replicates (i.e. n=18). Significant differences were determined using Student’s t-test: *P<0.05. (This figure is

available in colour at JXB online.)

Table 1. Relative change in expression of kiwifruit suberin biosynthetic genes expressed in leaves of N. benthamiana at 6 d after

infiltration

Suberin Description Overexpressed gene

biosynthetic gene AchnMYB4  AchnMYB41  AchnMYB107  AchnABF2
NbFHT Fatty w-hydroxyacid/alcohol hydroxycinnamoyl! transferase 1 -10.9+£1.2 7.1+0.6 8.0+0.9 8.2+1.1
NbFHT2 Fatty w-hydroxyacid/alcohol hydroxycinnamoyl! transferase 2 -8.2+1.4 5.1+0.7 4.8+0.6 7.1+0.8
NbKCS2 3-ketoacyl-synthase 2 -10.6+2.0 6.2+0.6 3.4+0.2 3.2+0.5
NbKCS4 3-ketoacyl-synthase 4 -5.7+0.6 3.1£0.5 3.7+0.5 8.0£1.0
NbKCS11 3-ketoacyl-synthase 11 -8.7+0.7 2.5+0.4 1.8+0.6 2.8+0.1
NbCYP86 A1 Cytochrome p450 86 A1 -6.6+0.9 8.0£0.8 6.8+0.7 11.4+0.9
NbCYP86 B1 Cytochrome p450 86 B1 -2.7+£0.4 2.3+0.3 4.2+0.2 6.7+0.9
NbFAR2 Fatty acyl-reductase 2 -5.0+0.5 4.1+0.2 4.7+£0.4 6.4+0.5
NbFAR3 Fatty acyl-reductase 3 -6.5+0.7 5.1+0.6 5.4+0.6 7.4+0.4
Nb4CL1 4-coumarate-CoA ligase 1 -10.8+1.3 3.7+0.5 4.6+0.4 3.1+0.6
NbPAL2 Phenylalanine ammonia lyase 2 —2.9+0.3 1.8+0.4 3.4+0.2 1.7+0.3

Data are presented as the mean (+SE) fold-change (log,) relative to the empty vector control from three biological replicates. Full details of the genes are

given in Supplementary Table S1.

in C16-C24 w-hydroxyacids and C18—C24 primary alco-
hols were detected in leaves overexpressing AchnMYB41,
AchnMYB107, and AchnABF2. However, overexpression of
AchnMYB4 significantly reduced the production of ferulate,
w-hydroxyacids, and primary alcohols. In total, the contents
of suberin monomers in leaves overexpressing AchnMYB4,
AchnMYB41, AchnMYB107, and AchnABF2 were 0.4-, 3.7-,
3.9-, and 4.0-fold that of the control (Fig. 4b).

Subcellular localization

The subcellular localization of AchnABF2, AchnMYB4,
AchnMYB41, AchnMYB107, and AchnFHT were examined
in N. benthamiana leaves by GFP tagging, with the GFP-only
vector used as the control (Fig. 6). As the GFP plasmid was
transformed, green fluorescent signals were observed in the
whole cell. The fluorescent signals of AchnABF2, AchnMYB4,
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Fig. 6. Subcellular localization of AchnFHT, AchnABF2, AchnMYB4,
AchnMYB41. and AchnMYB107 agro-infiltrated into N. benthamiana
leaves. The control was the vector containing only GFP. Scale bars are
25 pm. (This figure is available in colour at JXB online.)

AchnMYB41, and AchnMYB107 were observed in the nu-
cleus, while the signal of AchnFHT was detected in the cytosol,
thus indicating their respective localizations.

Induction of gene expression and suberin monomer
accumulation by exogenous ABA

The expression levels of AchnFH'T, AchnMYB4, AchnMYB41,
AchnMYB107, and AchnABF2 in wound tissues in response to
ABA and FLD were examined in kiwifruit (Fig. 7a). AchnFH'T,
AchnMYB41, AchnMYB107, and AchnABF2 were induced by

wounding and by ABA treatment over a 6-d healing period.
These genes were also induced under FLD treatment, but to a
lower extent. By day 6, AchnFH'T expression was 1.5-fold that
of the water treatment in ABA-treated tissues but only 0.7-fold
of the water treatment in FLD-treated tissues. Similar results
were seen for AchnMYB41, AchnMYB107, and AchnABF2. In
contrast, expression of AchnMYB4 was significantly increased
in FLD-treated tissues compared with the water treatment, but
it was inhibited by ABA.

Compared with water-treated fruit, ferulate, w-hydroxyacids,
and primary alcohols were increased and reduced by the ABA
and FLD treatments, respectively, over 6 d of wound healing
(Fig. 7b). By day 6, the ferulate content in ABA-treated tissues
was up to 1.3 mg g ', which was 1.4-fold and 2.5-fold that
of the water and FLD treatments, respectively. Significant in-
creases in C16—C24 w-hydroxyacids and C18—C24 primary
alcohols were also detected in ABA-treated tissues. In contrast,
the FLD treatment significantly reduced the contents of the
three types of monomers. By day 6 of wound healing, the total
content of the suberin monomers in the ABA treatment was
13.3 mg g~ ', with increases of 1.3- and 1.7-fold relative to the
water and FLD treatments, respectively (Fig. 7b).

Discussion

FHT plays a key role in the suberization process that is one
of the characteristic features of wound damage and it is also
known to occur in cases of abiotic stress (Jin ef al., 2018; Wei
et al., 2018). Suberin phenolics are presumed to cross-link to
form an aromatic domain that is anchored to the cell wall
through covalent bonds that are formed with polysaccharides
(Yan and Stark, 2000). The phenolics in the aromatic domain
(mainly ferulic acid) are esterified with fatty w-hydroxyacids
and with fatty alcohols that are catalysed by FHT to link with
the aliphatic domain (Pollard et al., 2008; Ranathunge et al.,
2011). Indeed, chemical analyses of depolymerized suberin in
potato and Arabidopsis have identified ferulate, w-hydroxyacids,
and primary alcohols as signature products of FHT. The cata-
lytic properties of FHT were initially characterized in extracts
from potato tubers (Lotfy et al., 1994) and cell suspensions of
tobacco (Lotfy et al., 1996). Later, in vitro recombinant FHT
protein was shown to display feruloyl transferase activity and
to transfer feruloyl to w-hydroxyacids and primary alcohols. In
FHT-RNAI potato plants and Arabidopsis ASFT/HH'T mu-
tants, ferulate and C18:1 w-hydroxyacid are strongly reduced,
which demonstrates the role of FHT (ASFT/HHT) in suber-
ization (Gou et al.,2009; Molina et al.,2009; Serra et al.,2010).
Here, the function of kiwifruit AchnFHT was elucidated in
vitro and in vivo. AchnFHT encoded a FHT belonging to the
BAHD acyltransferases and shared high similarity to the po-
tato, tobacco, and Arabidopsis proteins (Fig. 1b). Recombinant
AchnFHT protein displayed feruloyl transferase activity with
the function of transferring feruloyl from feruloyl-CoA to
w-hydroxypalmitic acid and to 1-tetradecanol in vitro (Fig. 3).
Transient overexpression of AchnFH'T in N. benthamiana re-
sulted in increased production of ferulate, primary alcohols, and

w-hydroxyacids (specifically C18:1 w-hydroxyacid) (Fig. 4).
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Fig. 7. Gene expression and suberin monomers in kiwifruit wound tissues treated with water (control), abscisic acid (ABA), or fluridone (FLD). (a)
Expression levels of AchnFHT, AchnMYB4, AchnMYB41, AchnMYB107, and AchnABF2. Relative mRNA abundance was evaluated using real-time PCR
and is expressed as fold-change relative to the initial value upon wounding. (b) Accumulation of ferulate, w-hydroxyacids, and primary alcohols. The inset
graph shows the total content of suberin monomers. Data are means (+SD) of three biological replicates. Significant differences were determined using

Student’s t-test: *P<0.05.

In addition, pronounced increases in the three types of su-
berin monomers and in AchnFHT expression were detected
in kiwifruit wound tissues (Fig. 7). Collectively, the results
demonstrate that AchnFHT functions as a feruloyl transferase
that is implicated in cross-linking aliphatic and aromatic do-
mains, via conjugating feruloyl with primary alcohols and
w-hydroxyacids (especially C18:1 w-hydroxyacid).

Apart from the transport and polymerization of suberin
monomers, the subcellular organization of enzymes in the
suberin biosynthesis pathway remains unclear (Beisson et al.,

2012; Vishwanath et al., 2015). The endoplasmic reticulum

(ER) has been identified as the place where the FHT sub-
strates w-hydroxyacids and fatty alcohols are biosynthesized
(Hofer et al.,2008; Kosma et al.,2012); however, we found that
the AchnFHT protein was distributed in the cytosol (Fig. 6).
Therefore, it may be speculated that the w-hydroxyacids and
fatty alcohols were transported from the ER to the cytosol
(Pollard et al., 2008) and were then catalysed by AchnFHT to
form feruloyl esters before the monomers were exported to
the apoplast (Fig. 8).

Several TFs implicated in regulation of suberin biosynthesis
have been characterized in Arabidopsis (AtMYB41, AtMYB9,
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Fig. 8. Schematic diagram of the regulatory mode of ABA-induced suberin monomer biosynthesis in kiwifruit. ABA induces production of AchnABF2,
AchnMYB41, and AchnMYB107, which activate the downstream AchnFHT gene to produce feruloyl esters. ABA promotes suberin monomer
biosynthesis via reducing the repression of the AchnFHT promoter by AchnMYB4. Results from this study are highlighted in the dashed box. ABRE, ABA-
responsive element; MYBRE, MYB recognition element. (This figure is available in colour at JXB online.)

and AtMYB107), potato (StNAC103), and apple (MdMYB93)
(Kosma et al., 2015; Lashbrooke et al., 2016; Legay et al., 2016;
Verdaguer et al., 2016). Arabidopsis AtMYB41 is implicated
in the ABA-mediated NaCl stress response and in suberin
biosynthesis. Overexpression of AtMYB41 in Arabidopsis
and N. benthamiana can induce suberin accumulation via
up-regulation of suberin biosynthetic genes including ASFT,
CYP86A1, KCS, and FAR (Kosma et al., 2015). However,
Arabidopsis mutants of AtMYB107 display a noticeable re-
duction in suberin monomers and down-regulation of su-
berin biosynthetic genes (Lashbrooke ef al., 2016). Arabidopsis
AtABF2, which encodes bZIP protein, is a master transcrip-
tional activator in ABA-mediated stress responses (Fujita
et al., 2013; Yoshida et al., 2015). Kiwifruit AchnMYB41 and
AchnMYB107 shared high homology with the N-terminal
portions of their respective orthologues AtMYB41 and
AtMYB107, which contain the R2R3 MYB domain (Fig.
2d, f), while AchnABF2 shared the conserved bZIP domain
of AtABF2 (Fig. 2¢). Indeed, transient overexpression of
AchnMYB41, AchnMYB107, and AchnABF2 triggered the ex-
pression of many genes implicated in the aliphatic and phen-
olic pathways, including FHT, FHT2, CYP86A1, CYP86B1,
FARs, KCSs, PAL2, and 4CL1 (Table 1), which cover the
biosynthesis of central metabolites and advanced suberin
building-blocks. The significant influence of AchnMYB41,
AchnMYB107, and AchnABF2 on suberin biosynthetic genes
was strongly supported by the accumulation of their prod-
ucts, ferulate, w-hydroxyacids, and primary alcohols (Fig. 4).

Moreover, their regulatory functions with regards to AchnFHT
were also confirmed through yeast one-hybrid and dual-
luciferase assays, which showed that these three TFs directly
interacted with the gene promoter to activate the expression
of AchnFHT (Fig. 5). AtMYB4 encodes a transcriptional re-
pressor of C4H and 4CL to control hydroxycinnamic acid me-
tabolism in Arabidopsis (Jin ef al., 2000). Similarly, the kiwifruit
homolog of AtMYB4, AchnMYB4, functioned as a repressor
in the regulation of AchnFH'T, inhibiting the AchnFHT pro-
moter in a dual-luciferase assay, and it reduced the expression
of FHT and the accumulation of ferulate, w-hydroxyacids. and
primary alcohols when it was overexpressed in N. benthamiana
leaves. These results indicate that AchnABF2, AchnMYB41,
and AchnMYB107 function as transcriptional activators but
that AchnMYB4 acts as a repressor in regulating AchnFHT
(and probably other suberin biosynthetic genes) to coordinate
the biosynthesis of suberin monomers.

ABA has been shown to be induced upon wounding and to
promote the wound suberization processes via up-regulation
of suberin biosynthetic genes (Lulai et al., 2008; Han et al.,
2018). By using FLD, an inhibitor of ABA biosynthesis, it
has been unequivocally confirmed that ABA plays a key role
in regulating wound-healing processes in potato tubers and
tomato fruit (Lulai et al., 2008; Tao et al., 2016). The ABA-
dependent signal transduction pathway in plants from the per-
ception of the stress signal to gene expression involves different
TFs including ABFs and MYBs (Agarwal and Jha, 2010). In
our current study, the expression of the TF genes AchnABF2,
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AchnMYB41, and AchnMYB107 in wound tissues was in-
duced by exogenous ABA treatment, but inhibited by FLD
(Fig. 7). However, in contrast, expression of AchnMYB4 was
increased and reduced by FLD and ABA, respectively. These
results indicated that AchnABF2, AchuMYB4, AchnMYB41,
and AchnMYB107 regulate AchnFH'T expression in response
to ABA. A model for the involvement of these four TFs in
the regulation of AchnFHT in suberin biosynthesis via the
ABA signaling pathway is presented in Fig. 8. AchnABF2,
AchnMYB41, and AchnMYB107 are induced by ABA, and
AchnFHT is then activated by the binding of the respective
proteins (Fig. 8a). AchnFHT then catalyses the transfer of
feruloyl to fatty w-hydroxyacids and to fatty alcohols to form
feruloyl esters (Fig. 8b). In contrast, ABA inhibits the expres-
sion of AchMYB4 to relieve the repression of the AchnFHT
promoter that results from AchnMYB4, thereby promoting
the biosynthesis of suberin monomers.

In conclusion, kiwifruit AchnFHT encoding a FHT is in-
volved in suberin monomer biosynthesis, and a regulation
scheme involving four transcription factors is proposed that
acts via ABA signaling, possibly involving other suberin biosyn-
thetic genes. AchnABF2,AchnMYB41,and AchnMYB107 play
transcriptional activation roles in the regulation of AchnFHT,
while AchnMYB4 works as a transcriptional repressor.

Supplementary data

Supplementary data are available at JXB online.

Table S1. Primer sequences used for quantitative RT-PCR.

Table S2. Primer sequences used for full-length amplifica-
tion and vector construction.

Fig. S1. SDS-PAGE gel of the purified AchnFHT protein
stained with Coomassie brilliant blue.
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