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Abstract

Aims p-hydroxybenzoic acid (4-HBA) is one of the
major autotoxins that cause grapevine replant disease.
Root border cells (RBCs) play an important role in plant
defense. Although RBCs have been investigated in
many plants, relevant information in grapevines is lim-
ited. In this study, we aimed to investigate the develop-
mental characteristics of RBCs in the grapevine (Vitis
riparia x Vitis labrusca) ‘Beta’ and their response to 4-
HBA stress.

Methods RBCs were observed under a laser scanning
confocal microscope. The phenolic acid composition of
RBCs slime was determined by high-performance lig-
uid chromatography. The level of gene expression
was determined by quantitative real-time polymer-
ase chain reaction.

Results Grapevine RBCs have high biological activity,
contain starch granules, and are surrounded by a muci-
lage layer. Root treatments using different concentrations

Responsible Editor: Hans Lambers.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11104-019-04220-9) contains
supplementary material, which is available to authorized users.

Q.Liu - K. Li (X)) X. Guo (><)-Y. Guo *Z. Liu
Pomology Department, College of Horticulture, Shenyang
Agricultural University, Shenyang, Liaoning Province, China
e-mail: xhgbox@163.com

e-mail: guoxw1959@163.com

L. Ma
Liaoning Institute of Pomology, Liaoning Academy of
Agricultural Sciences, Yingkou, Liaoning Province, China

of 4-HBA affected the development of RBCs and root
growth, and induced the secretion of salicylic acid from
the RBCs, which can stimulate, induce, and maintain the
activity of antioxidant enzymes to some extent in the cells
under 4-HBA stress.

Conclusion Grapevine RBCs may resist 4-HBA stress
by increasing its number and enhancing their secondary
metabolism and SA accumulation, which can induce the
antioxidant defense system of the cells.
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Abbreviations

4-HBA  p-hydroxybenzoic acid

RBCs  Root border cells

HPLC  High-performance liquid chromatography
SA Salicylic acid

exDNA  Extracellular DNA

PME Pectin methylesterase

Introduction

Continuous cropping is the practice of cultivating the
same crop in the same soil for many years. This usually
leads to yield declines and the enrichment of soil-borne
pathogens in annual crops, such as cotton (Feng et al.
2003), peanuts (Li et al. 2014; Chen et al. 2018), and
potatoes (Davis et al. 1994; Lu et al. 2013). Perennial
plants usually grow slowly and suffer from cropping
obstacles when they are replanted (Lake et al. 1993;
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Henfrey et al. 2015). This phenomenon is commonly
described as ‘replant disease’ or ‘continuous cropping
obstacle’. ‘Replant disease’ has been reported in various
fruit trees, such as apples (Mazzola 1998; Manici et al.
2013; Weil et al. 2017), peaches (Eayre et al. 2000;
Benizri et al. 2005; Yang et al. 2012), strawberries
(Seigies and Pritts 2006; Zhang et al. 2008) and grape-
vines (Westphal et al. 2002; Cabrera et al. 2012).
Grapevine replant disease is widespread in vineyards
and nurseries, and significantly hinders the healthy
growth of young grapevine plants. When 1-2 years
old grafted plants of grapevine were replanted in the
same field after the old grapevine plants have been
pulled out, plants grow slowly, with short internode,
small leaves and brown roots. Eventually, replant dis-
ease leads to an adverse influence on tree vigor and plant
productivity.

The causes of replant problems are complex.
Researchers generally believe that the causes of replant
disease include: soil nutrient imbalance (Reeves 1997),
rhizosphere microbial community structure disorder
(Xiong et al. 2014) and allelopathic autotoxicity
(Bouhaouel et al. 2014; Wu et al. 2015). Among them,
rhizosphere microbial community structure and allelo-
pathic autotoxicity are considered to play more impor-
tant roles (Li et al. 2018). During growth, plant roots
continuously release a series of metabolites into the
rhizosphere (Igbal and Fry 2012). Some of these metab-
olites can inhibit the growth of plants as autotoxins,
which lead to allelopathic autotoxicity (Asao et al.
2003). Candidate allelochemicals that have been widely
identified from the rhizosphere of different plants in-
clude phenolics (Gallet 1994), terpenoids (Fernandez
et al. 2008), flavonoids (Hofmann et al. 2009) and
alkaloids (Wink 1983). The autotoxic allelochemicals
secreted by the root tips can affect the growth of
replanted plants by mediating the rhizosphere microbial
community (Wu et al. 2016), or directly cause damage
to the physiological and biochemical characteristics of
the replanted plants (Li et al. 2017a). For example, some
studies have indicated that allelochemicals induce reac-
tive oxygen species (ROS) accumulation and alter the
ability of antioxidant enzymes such as superoxide dis-
mutase (SOD), peroxidase (POD) and ascorbic acid
peroxidase (APX) to respond to oxidative stress (Yu
et al. 2003; Zhang et al. 2008; Cheng and Cheng 2015).

The root system is the primary site of action of
autotoxic substances, and root border cells (RBCs) play
a key role in plant defense as a chemical, physical, and
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biological interface between the roots and their sur-
rounding environment (Hawes et al. 2000;
Gunawardena and Hawes 2002). RBCs are differentiat-
ed from the apical meristem and programmed to sepa-
rate from the root cap. They are defined as the cells that
are released into solution within seconds of the root tips
being placed into water (Hawes et al. 2000; Driouich
et al. 2007). Their release requires cell wall-degrading
enzymes (Wen et al. 1999). Pectin methyl esterase
(PME), which catalyzes pectin demethylesterification,
is one of the enzymes that has been shown to contribute
to RBCs separation (Stephenson and Hawes 1994; Wen
etal. 1999). Wen et al. (1999) reported that PME activity
in pea root caps increased 6-fold during RBCs separa-
tion, compared with that measured after completion of
the process, and the expression of corresponding PME-
coding gene increased; however, when the expression of
the PME gene was inhibited by antisense mRNA in a
transgenic pea, RBCs separation was blocked.
Although traditionally considered to be dead cells
detached from the root cap, RBCs play a key role in
the root-soil interface and contribute to the properties of
the root environment (Driouich et al. 2012). They pro-
vide a biotic boundary fundamental in rhizosphere mod-
ification (Watson et al. 2015), and can trap metals such
as aluminum (Cai et al. 2011a; Yang et al. 2016), iron
(Zhang et al. 2017), and lead (Huskey et al. 2018) by
increasing the production of mucilage. Furthermore,
RBCs also serve a key role in plant defense. They can
attract and immobilize parasitic nematodes (Hawes et al.
2000; Wuyts et al. 20006), act as a decoy for pathogenic
fungi (Kosuta et al. 2003; Jaroszuk-Sciset et al. 2009),
and repel and bind bacteria (Knox et al. 2007). In
addition, they can protect the root tip from some abiotic
stresses, such as high concentrations of carbon dioxide
(Zhao et al. 2000). When RBCs are detached, the root
cap can produce a complete set of new RBCs within
24 h (Hawes et al. 2003). Upon separation from the root
cap, RBCs undergo an increase in metabolic activity.
Protein synthesis and gene expression are also altered
(Hawes et al. 2000) resulting in the production of spe-
cific metabolites, such as polysaccharides (Cannesan
et al. 2012), secondary metabolites (Driouich et al.
2013), and proteins (Wen et al. 2007b), and forming a
mucilage layer around the RBCs. This mucilage layer
thickens when subjected to biotic and abiotic stresses,
thereby protecting the root tip. In addition, RBCs secrete
extracellular proteins and extracellular DNA (exDNA),
and some of these extracellular proteins and exDNA
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bind to histones (Wen et al. 2009). The exDNA is
synthesized and exported to the surrounding mucilage,
which attracts, traps, and immobilizes pathogens in a
host-microbe specific manner (Hawes et al. 2012).

To date, RBCs have been investigated in 49 plant
species belonging to 14 families (Hawes et al. 2000;
Chen et al. 2008), including peas (Pisum sativum L.)
(Brigham et al. 1995b; Tran et al. 2016), maize (Zea
mays L.) (Zhang et al. 2014; Canellas and Olivares
2017), and cucumbers (Cucumis sativus L.) (Liu and
Ma 2009). However, no studies on grapevine RBCs
have been performed, and it is essential to acquire
knowledge on grapevine RBCs and their responses to
autotoxins. Our previous research indicated that p-
hydroxybenzoic acid (4-HBA) is one of the major
autotoxins secreted by the root system of the grapevine
(Guo et al. 2010, 2012, 2015). The present work aimed
to (1) determine and analyze the effects of several 4-
HBA treatments on the developmental characteristics,
secretion characteristics, and gene expression of grape-
vine RBCs, and (2) preliminarily clarify the response
characteristics of grapevine RBCs to autotoxicity.

Materials and Methods
Plant materials

After cold stratification, seeds from the grapevine (Vitis
riparia X Vitis labrusca) ‘Beta’ were surface sterilized
by immersion into 5% sodium hypochlorite solution for
20 min, and then washed five times with sterile distilled
water. The floating seeds were discarded and the re-
maining seeds were soaked in sterile distilled water for
8 h and then transferred to an incubator at 25 °C for
germination for about 7 d. After the emergence of the
radicle, the seeds were transferred to growth pouches for
the following experiments.

Histochemical staining and microscopy of RBCs

We used fluorescence staining and microscopic obser-
vation to observe the morphological characteristics of
grapevine RBCs. Healthy roots were selected for mi-
croscopy with a Leica TCS SP8 confocal laser scanning
microscope (Leica Microsystems, Wetzlar, Germany).
The root tips were mounted on a microscope slide and a
drop of water was added on the root tip to visualize the
presence of RBCs. In order to determine the viability of

the RBCs, FDA-PI (fluorescein diacetate—propidium
iodide) staining was used, live cells were stained green
by FDA, while dead cells were stained red by PI ac-
cording to the method described by Pan et al. (2004).
Briefly, the root tips were immersed in 1 mL of double
distilled water (ddH,O) for 1-2 min and gently agitating
with a Pasteur pipette to release the RBCs. The RBCs
suspension was mixed with FDA-PI solution (FDA,
25 ug'mL™"; PI, 10 pug'mL™") (Sigma-Aldrich, St.
Louis, Missouri, USA) at a 1:1 ration and stained for
10 min in the dark. Next, 20 pL of the mixture was
mounted on a microscope slide for microscopy.
Fluorescein diacetate was detected by illumination with
the 488-nm line of the argon laser, and emission was
detected at 510 nm. Propidium iodide was detected after
illumination with the 543-nm line of the argon laser, and
emission was detected at 617 nm. SYTOX-Green and
DAPI (4',6-diamidino-2-phenylindole) staining were
used to observe whether there are exDNA around
RBCs (Wen et al. 2017), 50 pL of RBCs suspension
were dispensed into two 200-uL centrifuge tubes; 1 U
DNasel (TaKaRa, Tokyo, Japan) was added to one tube
and an equal volume of ddH,O was added to the other.
The tubes were allowed to stand for 30 min before a
10-uL sample of the RBCs was placed onto a micro-
scope slide. Ten microliters of 5 uM SYTOX Green
(Invitrogen, Carlsbad, California, USA) or
0.5 pug'mL'DAPI (Sigma-Aldrich) was added. After
incubation for 5 min, samples were observed under a
Leica TCS SP8 confocal laser-scanning microscope
(Leica Microsystems). SYTOX Green was illuminated
with the 345-nm laser and detected at 530 nm, while
DAPI was illuminated with the 345-nm laser and de-
tected at 460 nm. The experiment was repeated at least
10 times per treatment.

Number and viability of RBCs and thickness
of mucilage layer at different root lengths

The germinated seeds were transferred to a growth
pouch containing 10 mL of distilled water and incubated
in the dark at 25 °C. The number and viability of RBCs
and the thickness of the RBCs mucilage layer were
determined when the primary roots were 10, 15,
20, 25, 30, and 35 mm long. RBCs were collected
from nine primary root tips (approximately 2-—
3 mm of the root apex, including the root cap
and apical meristem) at each root length by im-
mersing these root tips in 50 puL distilled water for 1—
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2 min and then agitating the mixture with a Pasteur
pipette to release the RBCs.

The number and viability of the RBCs in the resulting
cell suspension was determined by staining with FDA—
PI, according to the methods described above. Live
(stained green, FDA fluorescence) and dead cells
(stained red, PI fluorescence) were counted using a
hemocytometer under a Leica TCS SP8 confocal laser
scanning microscope (Leica Microsystems). The num-
ber of RBCs was the sum of live cells and dead cells.
The percentage of viable cells was calculated as the
number of viable RBCs divided by the total number of
RBCs. This procedure was repeated nine times.

The thickness of the mucilage layer around the RBCs
was measured as described in previous studies
(Miyasaka and Hawes 2001; Wen et al. 2007a; Cai
et al. 2011a). Briefly, 10 uL of cell suspension was
mixed with 10 pL of India ink (Solarbio, Beijing,
China) and observed using a Leica TCS SP8 confocal
laser scanning microscope. The thickness of the muci-
lage layer of 10 randomly selected RBCs was measured
using Image-Pro Plus 6.0 software (Media Cybernetics,
Maryland, USA), and each RBC was measured in four
different directions (up, down, left, and right).

Number and viability of RBCs and thickness
of mucilage layer after treatment with 4-HBA

The germinated seeds were divided into four groups and
transferred to growth pouches with 10 mL of different
concentrations of 4-HBA (0, 50, 100, or 200 ugmL*l),
and then incubated in the dark at 25 °C for 6 d. The root
length was determined every 24 h. The number and
viability of the RBCs, and the thickness of the mucilage
layer were determined as described above.

Extraction and activity assay of pectin methylesterase
in the root cap

After treatment with different concentrations of 4-HBA
for 6 d, 60 primary root tips were selected from each
treatment group to extract pectin methylesterase (PME),
according to the method described by Ren and Kermode
(2000). The root tips were immersed in 1 mL of distilled
water, agitated gently to remove the RBCs, and then
placed in 200 puL of PME extraction buffer (0.1 M
citrate acid, 0.2 M dibasic sodium phosphate, and 1 M
sodium chloride; pH 5.0), cooled to 4 °C, and homog-
enized. The formed slurry was transferred to a centrifuge
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tube, incubated on ice for 1 h with agitation at 20 min
intervals during this period, and centrifuged at 12,000xg
for 10 min at 4 °C. The resulting supernatant was
collected and stored at —20 °C.

Further, 10 uL of PME extract was added to 4 mL of
substrate solution [0.5% (w/v) citrus pectin (Sigma-
Aldrich), 0.2 M sodium chloride, 0.15% (w/v) methyl
red; pH 6.8] and incubated for 2 h at 37 °C. The absor-
bance of the solution was measured using a spectropho-
tometer (Mapada, Shanghai, China) at 525 nm. A cali-
bration curve was obtained by adding different volumes
(0, 30, 60, 90, 120, 150, 180, 210, or 240 puL) of 0.01 M
HCI to 4 mL of substrate solution, and measuring the
absorbance of the solutions at 525 nm. The activity of
PME was determined using the calibration curve, and it
was expressed as umol H*root cap '-h™" (Richard et al.
1994). Each treatment was repeated three times.

Extraction and analysis of phenolic acids in the slime
of RBCs

After treatment with different concentrations of 4-HBA
for 6 d, root tips of 1000 main roots of seedlings were
selected from each treatment group and the exudates of
the RBCs were collected as follows (Brigham et al.
1995b; Wen et al. 2007b). The root tips were immersed
in 2 mL of distilled water for 1-2 min, gently agitated to
disperse the RBCs, and then centrifuged at 3,500xg for
30 min to obtain a pellet of RBCs and a supernatant
comprising the root cap slime. The absence of cells in
the supernatant was confirmed microscopically after
centrifugation. After the supernatant was discarded,
1 mL of sterile water was added to the pellet, and it
was incubated at room temperature for 1 h. Then the
mixture containing the RBCs pellet and 1 mL of sterile
water was centrifuged at 10,000xg for 10 min to obtain
another RBC:s pellet and RBCs slime in the supernatant.
The supernatant (0.5 mL) was then added to an equal
volume of methanol to determine the content of pheno-
lic acids. The precipitate (live RBCs) and root tips were
separately frozen in liquid nitrogen and stored at —80 °C
until RNA extraction. The standard phenolic acids used
were 4-HBA, vanillic, ferulic, benzoic, salicylic, and
cinnamic acids (all Sigma-Aldrich), all of chromato-
graphic grade. The concentration gradient of the pheno-
lic acids was 0.075,0.15,0.3,0.6, 1.2, 2.4, 4.8, 9.6, and
12 ug'mL™". All the solutions were filtered through a
0.22-pm NELON water microporous membrane
(Membrane, Michigan, USA) before analysis.
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The content of phenolic acids was determined using a
high-performance liquid chromatography (HPLC) in-
strument (Agilent Technologies, Santa Clara,
California, USA) equipped with a C-18 column
(250 mm x 4.6 mm, 5 pum i.d.). The mobile phase used
was methanol and formic acid (0.1%), with the follow-
ing gradient elution: 0—10 min, methanol 0%—5%; 10—
25 min, methanol 5%—15%; 25-35 min, methanol
15%—-40%; 35-40 min, methanol 40%—35%; and 40—
45 min, methanol 35%—5%. The flow rate was
0.8 mL'min ' and the wavelength was 280 nm. A var-
iable wavelength detector was used (Hao et al. 2010).
The calibration curves of the standard solutions were
used in the calculation.

Analysis of gene expression

The expression of genes was determined by quantitative
real-time PCR (qRT-PCR). Root tips and RBCs stored at
—80 °C were used for RNA extraction, using the mod-
ified cetyl trimethylammonium bromide (CTAB) meth-
od (Guan et al. 2018). Briefly, 0.5 g of tissue was
homogenized in 600 puL of 2% CTAB reagent [20 mM
EDTA, 100 mM Tris-HCI (pH 8.0), 1.4 M NaCl2, and
1% PVP], mixed with 12 uL of 1% (3-mercaptoethanol,
and placed in a water bath for 20 min at 65 °C. The RNA
was cleaned twice using equal volumes (600 pL) of
chloroform mixed with isoamyl alcohol at a ratio of
24:1 (v/v) and centrifugation at 10,000xg for 10 min at
4 °C. The supernatant (400 puL) was added to 20 uL of
3 M sodium acetate and 300 uL of pre-cooled ethanol,
then mixed and left to stand at —20 °C for 2 h for RNA
purification. It was then centrifuged at 10,000xg for
10 min at 4 °C. The resultant supernatant was added to
100 puL of 10 mM LiCl, mixed, and allowed to stand at
—20 °C for 2-6 h for RNA precipitation. The mixture
was then centrifuged at 10,000xg for 10 min at 4 °C.
The precipitated RNA was washed twice with pre-
cooled 70% ethanol and dissolved in 20 pL of diethyl
pyrocarbonate water (RNase-free). The concentration of
RNA was determined using a bio-photometer at 260 nm.
To determine the quality of RNA, the ratio of absor-
bance at 260/230 nm and 260/280 nm was calculated.
Reverse transcription was performed using the Prime
Script™ RT reagent kit with gDNA FEraser (TaKaRa)
according to the protocol established by the manufac-
turer; 1 pg of RNA was used. The resulting cDNAs were
used for gRT-PCR with specific primers. The sequences
of key grapevine enzyme genes in the phenolic acid

metabolic pathway, namely phenylalanine lyase (PAL),
4-Coumaric acid:coenzyme A ligase (4CL), and
cinnamyl-CoA reductase (CCR), were retrieved from
GenBank on the National Center of Biotechnological
Information (NCBI) platform (https://www.ncbi.nlm.
nih.gov/genbank/). Specific primers (Supplementary
Table S1) were designed using Primer version 5.0
(Premier, Canada). The qRT-PCR analysis was per-
formed using these specific primers and the cDNA of
the root tips and RBCs to characterize the expression
levels of candidate genes. The qRT-PCR was performed
with a SYBR Premix Ex Taq™ kit (TaKaRa) using the
ABI 7500 real-time PCR instrument (Applied
Biosystems, Foster City, California, USA). The PCR
mixture (10 puL) contained 5 uL of SYBR®Premix Ex
Taq™ II (2%), 0.8 uL of each primer (10 uM), 1.0 pL of
cDNA, and 2.4 pL of ddH,O. The actin gene of a
grapevine was used as a reference (GenBank accession
number AY680701, Guo et al. 2014; Sun et al. 2016).
The relative mRNA expression was calculated ac-
cording to the 2722¢T method (Livak and
Schmittgen 2001). The expression of genes in the
root tip of the control group was considered as the
number of markers, and the value was set to 1; the
expression of genes in the remaining samples was
calculated. The experiment was repeated three times for
each sample.

The effect of exogenous SA pretreatment on root
elongation under 4-HBA treatment

After cold stratification, viable seeds were germinated as
described in the previous assays. The germinated seeds
were divided into two groups, transferred to growth
pouches with 5 mL of 100 uM SA solution or 5 mL of
distilled water, and incubated in the dark at 25 °C. After
3 d of pretreatment, equal volumes (5 mL) of 4-HBA at
different concentrations (0, 50, 100, or 200 ug-mL_l)
were added, and the germinated seeds were cultured for
6 d. Thus, eight treatments were applied: 0 pgrmL ™" 4-
HBA (T0), 50 pg'mL ' 4-HBA (T1), 100 pgmL "' 4-
HBA (T2), 200 pgrmL™"' 4-HBA (T3), 100 uM SA
(SA +TO0), 100 uM SA +50 ug'mL ™' 4-HBA (SA +

T1), 100 uM SA + 100 pg'mL "' 4-HBA (SA + T2), and
100 uM SA +200 pg'mL™"' 4-HBA (SA + T3). The root
length of main roots was measured every 24 h. This
experiment was performed on four biological and three
technical replicates, and 20 seedlings were used per
biological replicate.
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The effect of exogenous SA pretreatment
on the malondialdehyde content and antioxidant
enzymes of seedlings under 4-HBA treatment

After cold stratification, viable seeds were germinated as
described in the previous assays. The germinated seeds
were sown in a matrix of peat: vermiculite: perlite at a
ratio of 2:2:1. When the seedlings developed 5-6 true
leaves, healthy seedlings with the same growth vigor
after the removal of soil adhering to the roots, were
transferred to a plastic basin (40 cm x 30 cm x 10 cm)
with 5 L of distilled water. The water was aerated for
15 min at 45-min intervals using an air pump. After 2 d
of adaptation, the distilled water was replaced with 1/8
Hoagland’s nutrient solution, which was replaced every
2 d for one week. The seedlings were then divided into
two groups. For group 1, the nutrient solution was
replaced with nutrient solution supplemented with SA,
whereas seedlings in group 2 were cultured with an
equal volume of SA-free nutrient solution. After 3 d,
34.5, 69, or 138 pg'mL ' of 4-HBA was added to each
group (because the seedlings had to be handled differ-
ently from the other experiment, we used different con-
centrations of 4-HBA). Sampling was carried out after 6
d of treatment. Leaves and roots were separated and
washed with distilled water; the surface water was blot-
ted using absorbent paper and the samples were
precooled in liquid nitrogen and stored at —80 °C
until the measurement of physiological indexes.
This experiment was performed on four biological
and three technical replicates, with four seedlings per
biological replicate.

The activity of SOD was determined using the SOD
assay kit (Solarbio, Beijing, China). The activities of
POD, catalase (CAT), and APX were determined as
described by Zhou et al. (2017), and the activity of
glutathione reductase (GR) was determined according
to Wang et al. (2013). The concentration of
malondialdehyde (MDA) was determined according to
Liu et al. (2006).

Statistical analyses

The data were analyzed using the SPSS software version
19.0 (IBM, Armonk, New York, USA). The means
were compared by Student’s ¢ test and Duncan’s
multiple range test. Standard errors are provided to
indicate the variations associated with particular
mean values.
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Results
Microscopic observations

The process of the release of RBCs in water is presented
in Fig. 1. As shown, the RBCs were mainly distributed
around the root cap, tightly attached to the root tip
before this was subjected to any treatment (Fig. 1a).
When the root tips were gently agitated after adding a
drop of water, RBCs were loosened and gradually re-
leased into water (Fig. 1b-c). With a few exceptions,
most of these RBCs were living cells, which means that
grapevine RBCs have high viability, as determined
using FDA viability staining (Fig. 1d-e). Many of the
grapevine RBCs had an elongated or oval appearance,
thick cell walls, and were surrounded by a mucilage
layer; starch granules were clearly visible in the cyto-
plasm (Fig. 11).

DAPI (Fig. 2a-d) and SYTOX green (Fig. 2 e-h) are
DNA-specific dyes. DAPI (Fig. 2a-d) can penetrate the
cell membrane and stain the nuclear DNA of living or
dead cells as well as exDNA structures surrounding the
RBCs, while SYTOX Green, a fluorescent dye with
high affinity for nucleic acids, easily penetrates cells
with damaged plasma membranes but not those with
living cell membranes. Thus it can only stain the
exDNA structures of living RBCs (Wen et al. 2017).
When theRBCs were stained with DAPI or SYTOX
Green (Fig. 2a-c, e-g), the exDNA structures (red ar-
rows) around the RBCs were clearly observed. After
treatment with DNase I, exDNA structures were not
detected (Fig. 2d, h).

Number and viability of RBCs and thickness
of mucilage layer at different root lengths

With the elongation of roots up to a length of 10—
35 mm, the number of RBCs produced by the root cap
initially increased, and then decreased marginally
(Fig. 3a). The root cap began to produce RBCs when
the primary root germinated; however, the number was
negligible. When the roots were 30 mm long, the num-
ber of RBCs reached the maximum, with approximately
205. In general, the viability of the RBCs was above
75% (Fig. 3b). When the roots were 15 mm long, the
viability of RBCs was the highest, at 81.33%.

The thickness of the RBCs mucilage layers is pre-
sented in Fig. 4. The micrographs of the mucilage layer
of a single RBC at different root lengths were shown in
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Fig. 1 Root border cells (RBCs) of grapevine (Vitis riparia x Vitis
labrusca) ‘Beta’ root tips. a Root tips maintained at 99% humidity
in the absence of free water. b After the dispersal of cell population
by gentle agitation of root tips in water. ¢ Root cap (RC) and
detached root border cells (RBCs) stained with fluorescein
diacetate. d Grapevine RBCs have high viability, as determined

Fig. 4a. When the roots were 10 mm long, the thickness
of the mucilage layer was the lowest (2.788 um), but it
gradually increased with the elongation of roots, and
reached the maximum value of 9.38 pm when the roots
were 30-35 mm long (Fig. 4b).

p-Hydroxybenzoic acid promotes root growth at low
concentrations, but inhibits it at high concentrations

The growth vigor of the roots of seedlings after 4-HBA-
treatment is presented in Fig. 5. In the control, the root
length of the seedlings increased from 5 to 55 mm
during the culture period. After treatment with
200 pg'mL™" 4-HBA for 1 d, the root length of the
seedlings was significantly shorter (approximately 9%)
than that of the control; the roots of other treatments
were not significantly different from those under the
control treatment with respect to their lengths. After
treatment with 200 ugmL*1 4-HBA for 2 d, the root
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using fluorescein diacetate viability staining. e Detection of cell
viability by fluorescein diacetate-propidium iodide (Red: dead
cell; Green: active cell). f Free RBCs with starch granules and
mucilage layer stained with India ink. RC, root cap. Scale bars:
100 um (a-c), 250 um (d), 100 pum (e), 75 um (f)

growth of the seedlings was significantly weaker than
that of the control seedlings (approximately 42%), but
treatment with 50 pg'mL™' 4-HBA significantly pro-
moted root elongation. With the extension of treatment,
this tendency increased.

p-Hydroxybenzoic acid treatment alters
the development of RBCs

RBCs were collected from 6-d-old seedlings. The roots
of the seedlings treated with 50 pgmL™' 4-HBA re-
leased more RBCs (approximately 490 cells) than con-
trol seedlings (140 cells), increasing by 72%. After the
treatment with 200 ug-mLf1 4-HBA, the number of
RBCs decreased (Fig. 6a). The viability of the RBCs
was maintained at a high level (approximately 79%) in
the control seedlings, but it decreased significantly after
the 4-HBA treatments. With increasing 4-HBA concen-
trations (up to 200 pg'mL "), RBCs viability sharply
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Fig. 2 Visualization of extracellular DNA structure of root border
cells (RBCs) of grapevine. a-¢ RBCs stained with DAPI. d RBCs
stained with DAPI after treatment with DNase I for 30 min. e-g
RBC:s stained with SYTOX Green. h RBCs stained with SYTOX

decreased to 56% (Fig. 6b). The activity of PME in the
root cap after the separation of RBCs initially increased,
and then decreased with increasing 4-HBA concentra-
tions, but showed no significant difference from the
control (Fig. 6¢).

a

250

Number of RBCs

10 15 20 25 30 35

Root length (mm)

Fig.3 Influence of root length on the number and viability of root
border cells (RBCs). a The number of RBCs was determined
microscopically with trypan blue staining. b The viability of
RBCs was determined microscopically with fluorescein
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Green after treatment with DNase 1 for 30 min. White arrows
indicate RBCs, red arrows indicate extracellular DNA structure
surrounding RBCs, yellow arrows indicate nucleus. Scale bars:
25 um (b, c, e), 50 um (a, d, f, g), 75 um (h)

Under control conditions (0 pug'mL™" 4-HBA treat-
ment), there was a layer of mucilage around the RBCs.
With the increase in 4-HBA concentration, the thickness
of mucilage layer increased significantly compared with
that of the control (Fig. 6d, e).

b

100 -

Viability of RBCs (%)

10 15 20 25 30 35
Root length (mm)

diacetate-propidium iodide staining. Bars represent the mean +
SE (n=10). Different letters indicate significant difference at
»<0.05 (Duncan’s test)
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Fig.4 Influence of root length on the thickness of RBCs mucilage
layer. a Visualization of the mucilage layers of RBCs. b The
variation in the thickness of RBCs mucilage layer with root length.
The thickness of the mucilage layer of RBCs was determined

p-Hydroxybenzoic acid induced RBCs to secrete
more phenolic acids

The 4-HBA, vanillic, benzoic, ferulic, salicylic, and
cinnamic acids were selected as analytic targets.
Five of these phenolic acids (all except ferulic
acid) were detected in the RBCs slime. When the
roots were treated with different concentrations of
4-HBA, the contents of benzoic acid and SA in
the RBC slime increased significantly compared
with those in the roots of control seedlings
(Fig. 7). It is noteworthy that 4-HBA increased
the content of SA in the RBC slime. In addition,
the total amount of phenolic acids in the RBC
slime increased significantly after 4-HBA
treatments.

20 25 30 )

Root length (mm)

microscopically with India ink staining. a-1 — a-6 and b-1 — b-6
in (a) represent the variations in elongated and oval RBCs with
root lengths of 10, 15, 20, 25, 30, 35 mm, respectively

Expression of key enzyme genes involved
in the phenolic acid metabolism pathway after 4-HBA
treatments

After the detachment of RBCs from the root tip, the
expression level of genes in the RBCs was significantly
different from that in the root tip. After the treatment
with 50 pg'mL ™" 4-HBA, the expression of PAL2 was
significantly up-regulated in RBCs, whereas PAL15 was
significantly up-regulated in root tips. And the expres-
sion of 4CL and CCR were up-regulated by 9- and 3.3-
folds in root tips. Furthermore, the treatment with
200 pug'mL™' 4-HBA inhibited the expressions of
PALI, PAL2, and PALI5 in the root tip and promoted
the expression of CCR in RBCs, compared to the levels
presented by control RBCs. (Fig. 8).
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Fig. 5 Length of main roots of grapevine seedlings cultured for 6
d in water (0 ugrmL ™' 4-HBA) or 4-HBA solution. Values repre-
sent the mean + SE (n = 60). * — statistically significant differences

Exogenous SA application alleviated the inhibitory
effect of 4-HBA stress on root elongation

High concentration of 4-HBA (200 pgmL™') ex-
hibited a significant inhibitory effect on the growth
of grapevine seedlings (Fig. 9), and exogenous SA
application alleviated this inhibitory effect to some
extent. After 1 d of culture, the roots of seedlings
treated with 200 pug'mL ™' 4-HBA were significant-
ly shorter (approximately 2%) than those of seed-
lings co-treated with 100 uM SA and 200 pg:mL ™" 4-
HBA. This trend was increasingly evident with
time; after 6 d, the roots of seedlings treated with
100 uM SA and 200 pug:mL™' 4-HBA were 77%
longer than those of seedlings treated with 200 pg-mL ™"
4-HBA only.

Salicylic acid enhanced the activities of antioxidant
enzymes and inhibited the accumulation of MDA

As the concentration of 4-HBA increased, MDA grad-
ually accumulated in the roots. Especially after high
concentration of 4-HBA (138 ug-mL_l) treatment, the
MDA content in roots and leaves was significantly
higher than that of the control. However, the content of
MDA in the roots decreased by 9% after pretreatment
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at p<0.05 compared with that of the control. ** — statistically
significant differences at p <0.01 compared with that of the con-
trol (Student’s ¢ test)

with SA compared with that after 138 ug'mL ™' 4-HBA
treatment (Fig. 10a).

After high concentration of 4-HBA treatment
(138 pg'mL™"), the POD activity of leaves and roots
were significantly reduced by 28% and 54% compared
with that control. Salicylic acid pretreatment significant-
ly increased POD activity in roots by 43% compared to
4-HBA treatment alone (Fig. 10b). Then, SA pretreat-
ment significantly activated the activity of SOD
(Fig. 10c) and CAT (Fig. 10d) in roots and leaves, and
remained at a high level even after 4-HBA treatment to
some extent. The APX activity in roots and leaves
decreased with the increase of 4-HBA concentration.
Compared with 138 pg'mL™" 4-HBA treatment alone,
salicylic acid pretreatment significantly increased the
APX activity of roots and leaves by 66.7% and
43. %. Salicylic acid pretreatment significantly in-
creased the activity of GR in roots, but its activity
gradually decreased with the increase of 4-HBA con-
centration (Fig. 10e).

Discussion

Whereas the RBCs of many crops have been previously
well described, RBCs characterization in the grapevine
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has not been reported. The present study is one of
the first reports that characterizes the grapevine
RBCs and its physiological response to p-
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Fig. 9 Root length of grapevine seedlings treated with 4-HBA
solution or 4-HBA plus SA solution. Values represent the mean +
SE (n=60). * — statistically significant differences at p <0.05
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Developmental characteristics of grapevine RBCs

Our study shows that grapevine RBCs were attached
around the root cap (Fig. l1a) and released after the
addition of distilled water (Fig. 1b, c), supporting their
definition as cells that disperse in water after root-tip-
immersion in this medium (Hawes and Brigham 1992).
This is due to RBCs being attached to the root cap under
the action of a water-soluble polysaccharide matrix; in
addition, the middle lamellae of these cells are solubi-
lized by the activity of PME in the cell wall, thus
shedding in water (Wen et al. 1999; Driouich et al.
2007). We also observed that grapevine RBCs were rich
in starch granules (Fig. 1e), similar to those of Medicago
truncatula (Watson et al. 2015) and Solanum tuberosum
(Koroney et al. 2016). Watson et al. (2015) revealed that
the substantial starch deposits served as critical energy
and carbon reserves for the RBCs of M. truncatula.
Thus, it is likely that starch also plays an important role
in the survival of grapevine RBCs after their release.
Our data also show that fibrous exDNA was detected
around the RBCs after staining with the DNA-specific
dyes DAPI and SYTOX Green, and no exDNA was
detected after treatment of the RBCs with DNasel.
Wen et al. (2009, 2017) also detected exDNA around
the RBCs of Pisum sativum and Zea mays. Some studies
have indicated that exDNA plays an important role in
root tip defense (Hawes et al. 2011; Tran et al. 2016).
The procedures for RBCs development vary widely
among plant species but are conserved at the family
level (Hawes et al. 2000). The number of RBCs released
from root caps is different for different species of plants.
Fabaceae and Malvaceae plants produce a large number
of RBCs, while Solanaceae and Brassicaceae plants
produce fewer. For example, Gossypium hirsutum re-
lease 8000—10000 RBCs per 24 h, and Brassica rapa
releases no RBCs (Hawes et al. 2003; Hamamoto et al.
2006). The number of RBCs produced by grapevine
root tips (less than 500) is much less than that produced
in legumes. In addition, the production of RBCs is also
influenced by root development. The first RBCs of peas
are not separated until the root is 5 mm long, and their
number reaches the maximum value (~4000) when the
pea root is 25 mm long (Zhao et al. 2000). The RBCs of
rice (Oryza sativa L.) appear almost simultaneously
with the primary roots, and the number of RBCs grad-
ually increases with the elongation of the roots. When
the root is 20 mm long, the number of RBCs is at its
highest (approximately 1500). RBCs are highly active,

remaining at around 85% (Cai et al. 2011b, 2011c¢). In
the present study, RBCs were already produced when
the radicle of the grapevine was 5 mm long, but in
relatively low numbers (no statistical data was obtain-
ed). When the root was 30 mm long, the number of
RBCs reached the maximum (approximately 205;
Fig. 3a). In addition, our data show that the RBCs of
grapevines had high viability, above 75% (Fig. 3b),
which was consistent with pea RBCs viability (Li et al.
2017b).

p-Hydroxybenzoic acid affects root growth, RBCs
development, and secretory properties

The most apparent effect of 4-HBA was its growth effect
on grapevine roots, in which high concentrations of 4-
HBA inhibited root growth, while low concentrations
promoted root growth to some extent (Fig. 5). This
corresponded with the changes observed in the number
of RBCs (Fig. 6a). Recent studies have established that
RBCs production is a tightly regulated process con-
trolled by endogenous and environment signals, and that
roots can respond to environmental changes by regulat-
ing the release of RBCs (Hawes et al. 2000; Li et al.
2007). For example, Canellas and Olivares (2017) pre-
viously reported that the release of RBCs from maize
root tips was significantly increased by humic acids.
After exposure of rice seedlings to iron toxicity (100
1M Fe?*), the number of RBCs was significantly in-
creased (Zhang et al. 2017). In the present study, low
concentration of 4-HBA (50 pg-mL™") significantly
promoted the release of RBCs, and the growth of roots
was better than that of control roots. Many studies have
shown that low concentrations of phenolic acids
(benzoic acid, SA, etc.) can promote plant growth, while
high concentrations of phenolic acids can cause toxic
effects on plants (Kovacik et al. 2009; Chen et al. 2016).
After the 200 ug'mL ' 4-HBA treatment, root growth
restriction was evident, and a decreased number and
viability of RBCs was noticed (Fig. 5; Fig. 6a, b).
Soltys et al. (2014) also found a 50% reduction in the
number and 15% reduction in the viability of RBCs after
3 d of cyanamide treatment, and root growth was
inhibited. The decrease in the number and viability of
grapevine RBCs might therefore increase the sensitivity
of roots to 4-HBA.

Our data also showed the occurrence of a thick
mucilage that surrounds RBCs and the layer of mucilage
was thickened after 4-HBA treatment (Fig. 6d, ¢). After
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separation from the root tip, RBCs can carry out their
own metabolism, and several chemical substances are
secreted to coat the outer layer of the RBCs, forming a
mucilage layer that protects them (Driouich et al. 2013).
Many scholars are strongly convinced that RBCs can
prevent damage to the root tip by increasing mucus
secretion (Cai et al. 2011a, b, c¢; Cannesan et al.
2012; Plancot et al. 2013; Peng et al. 2015;
Huskey et al. 2018). Exposure of root tips to
cinnamic acid obviously increased the thickness
of mucilage layer around the RBCs of cucumbers
to protect the root tips from cinnamic acid toxicity
(Qiao et al. 2013). The results of the present study
suggesting that the increase in thickness of mucilage
layer of the RBCs might be a protective physiological
response to 4-HBA stress.

Hawes et al. (1998) pointed out that RBCs secrete
several chemical substances such as carbohydrates,
small molecules, phenols, and amino acids, after sepa-
ration from the root tip, which reduces the damage of
toxic substances to the root tip. This shows that the
secretion of slime from RBCs is an important protective
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Fig. 10 Concentration of MDA and the activity of POD, CAT,
SOD, APX, and GR in grapevine seedlings treated with 4-HBA
solution (-SA) or 4-HBA plus SA solution (+SA). Values represent
the mean + SE (n=4). Different letters indicate significant
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mechanism. The arabinogalactan proteins isolated from
the RBCs mucilage of potatoes (Solanum tuberosum L.)
was reported to play an important role in inhibiting the
growth of Pectobacterium atrosepticum (a soil-borne
pathogen of potatoes) (Koroney et al. 2016). Weiller
etal. (2016) confirmed the presence of defensin peptides
in root tissues and root border-like cells (which have
been considered similar from a functional perspective to
classical RBCs), as well as in mucilage, by
immunomicroscopy combined with gene expression
analyses. Watson et al. (2015) reported that the RBCs
of M. truncatula show a pronounced enhancement in
their secondary metabolism, suggesting they might play
a prominent biochemical role in plant defense, plant-
microbe signaling, and rhizosphere transformation.
Phenolic acids are secondary metabolites of plants that
are closely related to plant growth (Capriotti et al. 2015).
Therefore, we determined the concentration of major
phenolic acids in the mucilage of RBCs after treatment
with 4-HBA and found that the total phenolic acid
content and the secretion of SA and benzoic acid in
the mucilage of RBCs increased. It is noteworthy that
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the secretion of SA significantly increased com-
pared with that of control RBCs, and its concen-
tration was three times higher than that of other
phenolic acids.

SA is a well know endogenous plant signal molecule
involved in many grown responses and in disease resis-
tance (Raskin 1992; Dempsey et al. 1999; Park et al.
2003). Both endogenous and exogenous SA has been
reported to play an important role in the plant’s antiox-
idant metabolism (Kang et al. 2014). Thus, we hypoth-
esized that RBCs might play a protective role by secret-
ing SA. Recent results show that autotoxins can induce
the accumulation of ROS and alter the antioxidant sys-
tem of the plant, leading to membrane lipid peroxidation
and impairing the structure and function of the entire
cell membrane, thereby inhibiting plant growth
(Sunmonu and Staden 2014; Cheng and Cheng 2015;
Ding et al. 2016). The preliminary treatment of plants
with low concentrations of SA might enhance their
tolerance toward most kinds of abiotic stress, due pri-
marily to an enhanced antioxidative capacity (Wang and
Li 2006; Horvath et al. 2007). In present study, after 4-
HBA treatment, the amount of SA secreted by RBCs
was 9.92-15.34 ugmL*1 (equal to 71.8-110 uM).
Therefore, we used 100 uM SA to pretreat hydroponic
seedlings and then added 4-HBA to explore whether SA
can alleviate 4-HBA stress. The results showed that the
100 uM SA pretreatment significantly activated SOD
(Fig. 10c), CAT (Fig. 10d) activities in the roots of the
seedlings, and even if 4-HBA was added to the hydro-
ponic solution, the activity of these enzymes remained at
a high level in the roots. These results are essentially
consistent with those of previous studies. For example,
100 uM SA could induce thermotolerance in grapevine
leaves by activating the activities of the antioxidant
enzymes SOD, POD, APX, and GR (Wang et al.
2001; Wang and Li 2006). In contrast, high concentra-
tions of 4-HBA (138 pg'mL™") alone significantly
inhibited POD (Fig. 10b), SOD (Fig. 10c), APX
(Fig. 10f), and GR (Fig. 10e) activities in the roots,
and root growth was significantly impaired. Our results
suggest that exogenous addition of SA can alleviate the
toxicity of 4-HBA to some extent by activating the
antioxidant system of the roots. Furthermore, the con-
centration of exogenous SA is consistent with the
amount of SA secreted by RBCs under 4-HBA stress.
Therefore, we speculate that the increase of SA secretion
by RBCs may be one of the ways that they respond to 4-
HBA stress.

p-Hydroxybenzoic acid affects the expression of key
secondary metabolism genes in root tip cells and RBCs

Plant secondary metabolism is closely related to its self-
defense, growth and development, and signal transduc-
tion mechanisms (Wink 2016). Phenolic compounds in
plants are ubiquitous as secondary metabolites and have
a wide range of physiological functions. SA is one of the
most common and effective endogenous signal mole-
cules in plants. It can induce drought, salt and alkali, and
low temperature resistance and it has a major regulatory
effect on the growth, maturation, and senescence of
plants (Metwally et al. 2003). The synthesis of SA in
plants proceeds mainly through the phenylalanine path-
way, which occurs in the cytoplasm (Herrmann and
Weaver 1999), and through the isochorismate pathway,
which occurs in the chloroplast (Kawano et al. 2004;
Mustafa et al. 2009). Phenylalanine ammonia-lyase is
involved in the first step of the phenylpropanoid path-
way, the main pathway for the synthesis of flavonoids,
lignin, stilbenes, and phenols in grapevines
(Hamiduzzaman et al. 2005; Slaughter et al. 2008;
Boubakri et al. 2013), which can catalyze the deamina-
tion of L-phenylalanine to trans-cinnamic acid. Benzoic
acid is a direct precursor of SA synthesis, which is
hydroxylated by benzoic acid 2-hydroxylase to synthe-
size SA (Khan et al. 2015). Accumulation of SA in
plants during systemic acquired resistance is preceded
by a transient increase in PAL (Smith-Becker et al.
1998). Kim and Hwang (2014) reported that the over-
expression of CaPALI in Arabidopsis thaliana con-
ferred increased PAL activity and SA accumulation,
while CaPALI-silenced pepper plants exhibited in-
creased susceptibility to Xanthomonas campestris pv.
vesicatoria infection, while SA accumulation and the
induction of PAL activity were significantly compro-
mised. PALI, PAL2, and PALI5 are strongly expressed
in the grapevine root (Sun et al. 2016). Thus, we deter-
mined the expression levels of these three genes in root
tip tissues and RBCs after treatment with different con-
centrations of 4-HBA. After treatment with low concen-
tration of 4-HBA (50 ug-mL™"), PAL2 was significantly
expressed in the RBCs while PALI5 was expressed in
the root tip. According to Brigham et al. (1995b) RBCs
were markedly different from root tips by mRNA
differential-display banding patterns, and 13% of the
proteins that are abundant in RBCs are undetectable in
root tip. It indicated that the gene expression patterns of
RBCs and root tips were significantly different.
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Brigham et al. (1995a) reported that RBCs secrete slime
before they are separated from the root tip. In the present
study, the 50 ug'mL™" 4-HBA treatment significantly
promoted phenolic compound (especially SA) secretion
in RBCs, and therefore we considered that the secretion
of these substances in RBCs is not only self-regulated,
but also regulated by root cap cells.

Lignin is a high molecular weight secondary metab-
olite that plays important roles in conferring tolerance
against biotic and abiotic stresses (Nguyen et al. 2016).
It is widely accumulated during plant development and
is mainly produced by the phenylpropanoid metabolic
pathway. 4-Coumaric acid:coenzyme A ligase (4CL)
and cinnamoyl-CoA reductase (CCR) are key enzymes
in this metabolic pathway. Cinnamoyl-CoA reductase is
the first rate-limiting enzyme that catalyzes the lignin-
specific pathway. Dixon and Lamb (1990) indicated that
the lignification of the plant cell wall might promote
plants’ resistance to stresses. When the leaves of
A. thaliana were infected with bacteria, the expression
of AtCCR?2 regulated the resistance of the plant to dis-
ease. Furthermore, AtCCR?2 is considered to be involved
in the synthesis of phenolic compounds that participate
in disease resistance and in the formation of lignin to
promote disease and stress resistance (Lauvergeat et al.
2001). 4-Coumaric acid:coenzyme A ligase (4CL) in-
duces phenylpropanoid metabolism to lignin biosynthe-
sis and plays a key role in plant responses to external
stresses. After induction at high temperature (40 °C), the
expression of Gp4CL in Gnetum parvifolium continued
to increase for 48 h (Nan et al. 2016). In the present
study, after treatment with 4-HBA, the expression of
CCR in the RBCs was significantly increased. There
was a layer of lignified cell wall around the RBCs under
normal conditions, probably because the treatment with
4-HBA induced a stress response in the cells and pro-
moted the lignification of cell walls to resist the pene-
tration of stress substances. The expression of 4CL in
the root tips and RBCs treated with a low concentration
of 4-HBA (50 ug'mL ") increased, especially the ex-
pression of 4CL in the root tips. In addition, the expres-
sion of CCR in the RBCs was significantly correlated
with the content of SA in the RBCs slime
(Supplementary Table S3). Zhou et al. (2018) reported
that SA effectively enhanced the activity of
phenylpropanoid pathway-related enzymes, in the pro-
cess of inducing citrus fruit disease resistance, and stim-
ulated the synthesis of phenolic acid and its metabolite
lignin. Thus, as a signaling molecule, SA can exert an
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anti-reverse effect by inducing plants to synthesize phe-
nolic acid and lignin. Therefore, we hypothesized that 4-
HBA stimulated the synthesis and secretion of SA,
thereby enhancing the secondary metabolism of RBCs
to exert its anti-reverse effects.

Conclusion

The present study revealed the developmental charac-
teristics of grapevine RBCs and a possible mechanism
by which RBCs respond to 4-HBA stress. Low concen-
trations of 4-HBA promoted root growth and the release
of RBCs, whereas high concentrations showed opposite
trends. Overall, 4-HBA induced the secretion of slime
by RBCs, in which the SA contents were significantly
promoted, and secondary metabolic-related enzyme
genes were also affected, especially the PAL gene in root
tips and RBCs. Exogenous SA can alleviate 4-HBA
stress by inducing the antioxidant enzyme system of
plants. Therefore, the present results suggest that
RBCs might resist 4-HBA stress by enhancing their
secondary metabolism, leading to SA accumula-
tion, which induces the antioxidant defense system
of the cells.
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