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Abstract

Beta-amylase (BAM) plays an important role in plant resistance to cold stress. However, the specific role of the BAM
gene in freezing tolerance is poorly understood. In this study, we demonstrated that a cold-responsive gene module
was involved in the freezing tolerance of kiwifruit. In this module, the expression of AaBAM3.1, which encodes a
functional protein, was induced by cold stress. AaBAM3.1-overexpressing kiwifruit lines showed increased freezing
tolerance, and the heterologous overexpression of AaBAM3.1 in Arabidopsis thaliana resulted in a similar phenotype.
The results of promoter GUS activity and cis-element analyses predicted AaCBF4 to be an upstream transcription factor
that could regulate AaBAM3.1 expression. Further investigation of protein-DNA interactions by using yeast one-hybrid,
GUS coexpression, and dual luciferase reporter assays confirmed that AaCBF4 directly regulated AaBAM3.1 expression.
In addition, the expression of both AaBAM3.7 and AaCBF4 in kiwifruit responded positively to cold stress. Hence, we
conclude that the AaCBF-AaBAM module is involved in the positive regulation of the freezing tolerance of kiwifruit.
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Introduction

Cold stress is a kind of abiotic stress that can con-
siderably limit both plant growth and vyield and can
determine the geographic distribution of plants'. There-
fore, freezing tolerance acts as an important quantitative
trait and has received considerable amounts of attention
for the past several decades® ™. In model plant species,
researchers have identified complex signaling networks
consisting of cold sensors, secondary messengers, tran-
scription factors (TFs), phytohormones and functional
proteins®~®. Low temperature is also a common factor
that significantly hinders the quality and productivity of
kiwifruit. In the last twenty years, kiwifruit has often
suffered from cold damage worldwide, which has had a
large influence on the kiwifruit industry. However, there
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have been few studies on the freezing tolerance of kiwi-
fruit. Hence, there is an urgent need to understand the
freezing tolerance mechanisms of kiwifruit under cold
stress to develop novel genetic resources affording strong
freezing tolerance'®.

Cold stress can cause two major types of injury: osmotic
stress and oxidative stress'""'*. When plants are subjected
to cold stress, their cells ultimately experience osmotic
stress due to the formation of ice crystals'®. Under
osmotic stress, the changes in the accumulation of com-
patible solutes are the most prominent alterations
observed among the physiological and biochemical char-
acteristics of plants'*, Proline and soluble sugars, which
act as compatible solutes that are involved in multiple
metabolic pathways, are produced and accumulate under
cold stress'”. Oxidative stress causes the excessive accu-
mulation of reactive oxygen species (ROS) due to an
imbalance between their production and scavenging'®.
ROS cause the denaturation of lipids, proteins and nucleic
acids, which can lead to further metabolic disorders'”.
Both osmotic and oxidative stresses develop simulta-
neously by causing synergistic effects under cold stress.
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Moreover, it is gradually becoming understood that
compatible solutes have important effects on ROS
scavenging and enhanced freezing tolerance'®. To sense
and adapt to cold stress, plants have developed sophisti-
cated and efficient mechanisms to protect themselves
from cold injury, and the expression of a number of genes
is induced in response to low temperature to provide
resistance to both osmotic stress and oxidative stress'®.
In the early 1980s, we had a poor understanding of
beta-amylases (BAMs), which are considered to be dis-
pensable storage proteins®>*'. We have now acquired
detailed information about BAMs, which have been
shown to play key roles in response to abiotic stress by
degrading starch®>. BAMs are members of glycosyl
hydrolase family 14 (PF01373) and have two typical cat-
alytic sites at the N-terminus and in a central location;
thus, these enzymes can hydrolyze 1,4-alpha-glucosidic
linkages within starch®®. BAMs are considered to be the
mediators that degrade starch into downstream soluble
sugars and play a pivotal role in the accumulation of
soluble sugars under cold stress. Moreover, soluble sugars
derived from the degradation of starch are transferred
from chloroplasts to the cytoplasm and can then partici-
pate in the energy metabolism pathway to resist cold
damage®**®, In perennial plants, previous studies have
indicated that the expression level of BAM mRNA and the
activity of BAMs could be elevated in pear, blueberry,
orange and tea trees under cold stress”*~>°, BAM activity
has also been shown to increase in potato under low
temperature®’. The idea that BAM is involved in the cold
stress response was further verified in poplar, where
CBFI is the upstream regulatory gene of BAM’'. In
Arabidopsis thaliana (A. thaliana), nine BAM family
members have been identified in the genome: BAM1 to
BAMY9*’. A. thaliana BAMs can be divided into two
categories based on whether they show catalytic activity:
BAMI1-BAM3, BAM5 and BAMG6 are catalytically active,
whereas BAM4 and BAM7-BAMY are proposed to be
catalytically inactive. Many studies have demonstrated
that BAM3 is transcriptionally induced in response to low
temperature, which indicates that cold stress might
accelerate starch degradation®®. However, the suppression
of StBAMI expression results in only low BAM activity
and freezing tolerance, indicating that StBAMI plays a
small role in starch degradation, although it exhibits BAM
catalytic activity®*. In addition, the AtBAM3 gene ortho-
logs of various plant species are responsible for soluble
sugar accumulation and enhanced freezing tolerance.
These findings show that within the plant genome,
AtBAM3 and its orthologous genes exhibit the same
function in the enhancement of freezing tolerance by
degrading starch. Although the BAMs of A. thaliana have
been characterized, their functions in freezing tolerance
remain mostly unknown. Moreover, the available
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information about the functions of BAMs in perennial
plants is still inadequate.

Over the past few decades, increasing amounts of
attention have been focused on TFs. Among TFs, those
encoded by C-repeat-binding factor (CBF) genes are
thought to be mainly involved in the response to cold
stress®>>°, Furthermore, the CBF cold response pathway
has been indicated to play a key role in the enhancement
of freezing tolerance. Among the cold-responsive genes of
A. thaliana, 12% can be assigned to the CBF regulon®’.
AtCBF1, AtCBF2, and AtCBF3 (also referred to as
AtDREB1b, AtDREBIc, and AtDREBIa, respectively) have
been functionally identified in A. thaliana®®. The mRNA
expression of AtCBF1, AtCBF2, and AtCBF3 has been
reported to be quickly induced under cold stress, after
which the encoded proteins recognize C-repeat/dehy-
dration-responsive (CRT/DRE) cis-elements in the pro-
moters of COLD-REGULATED (COR) genes and bind to
these motifs. It has been determined that CBF expression
induces the expression of a large number of COR genes,
which results in constitutively enhanced freezing toler-
ance®. In contrast, the silencing of the AtCBFI, AtCBF2,
and AtCBF3 genes decreases the mRNA expression of
COR genes with CRT/DRE elements, which leads to
weakened freezing tolerance of plants*®. Taken together,
the above findings suggest that CBF genes are involved in
extensive cold regulatory networks and play an important
role in the response to cold stress.

The Actinidia genus includes 54 species and 21 vari-
eties, all of which have varying freezing tolerance abil-
ities*"*2, Both Actinidia chinensis and Actinidia deliciosa
are currently extensively cultivated worldwide, but these
two species show very poor tolerance to —13°C tem-
peratures during winter, which causes severe damage to
plants*®. Actinidia. arguta, a prominent species within
Actinidia, can survive at a temperature of —40 °C*¥, The
variable freezing tolerance abilities within the Actinidia
genus imply that large genetic variations exist in the
kiwifruit genome. Therefore, the identification of cold-
responsive genes may allow the detailed molecular
mechanisms underlying the enhanced freezing tolerance
abilities of kiwifruit to be further explored for molecular
breeding purposes.

In this work, we identified the A. arguta AaBAMS3.1
gene, which was significantly expressed in response to
cold treatment. AaBAMS3.1-overexpressing lines were
generated in both kiwifruit (“Hongyang”) and A. thaliana,
and the freezing tolerance of the transgenic plants was
enhanced. The promoter region of AaBAMS3.1 in trans-
genic A. thaliana and its predicted cis-elements also
responded to cold treatment, which indicated that
AaCBF4 may be a candidate for the upstream regulation
of AaBAM3.1. Through protein-DNA interaction assays,
we found that AaCBF4 directly regulated AaBAM3.1 in



Sun et al. Horticulture Research (2021)8:97

kiwifruit. Hence, we concluded that kiwifruit AaBAM3.1,
which is positively regulated by AaCBF4, is a cold-
responsive gene that can enhance freezing tolerance.

Results
Cloning of AaBAM3.1 and its sequence analysis

In a previous study, we cloned and identified a cold-
induced BAM gene (GenBank Accession No. MT263012)
from A. arguta. AaBAM3.1 had a full-length ORF of 1644
bp flanking a 1363 bp promoter®. AaBAM3.1 encoded a
protein of 548 amino acids with a 61.74 kDa molecular
weight, and the theoretical isoelectric point of AaBAM3.1
was 8.76. A maximum likelihood tree was established
using 14 BAM protein sequences. The BAM sequences
from different plant species clustered into two main
groups, I and II. AaBAM3.1 was classified into the same
group (part T, corresponding to the red region in the
Fig. S4a) as AtBAMS3 of A. thaliana (Fig. S4a). Multiple
alignment revealed a highly conserved catalytic and
binding site among AaBAM3.1 and 9 other BAM proteins
(Fig. S4b). The conserved site contained 2 catalytic
residues, Glul86 and Glu380 (black arrowheads in the
Fig. S4b), and 19 substrate-binding residues (red arrow-
heads in the Fig. S4b).

Time course of AaBAM3.1 expression in A. arguta under
cold stress

Thirty-day-old A. arguta plants were cold subjected to
4.°C for various times. Imaging analysis demonstrated that
chlorophyll fluorescence was lower in the leaves of the
treated kiwifruit than in those of the untreated kiwifruit
(Fig. 1a). Accordingly, the Fv/Fm of the leaves was pro-
gressively reduced by cold stress (Fig. 1b). The observed
levels of relative electrolyte leakage (REL), a major indi-
cator of membrane damage, indicated that membrane
damage was significantly greater in the treated kiwifruit
than in the untreated kiwifruit (Fig. 1c). The transcript
level of AaBAM3.1 gradually increased over 5 days of
cold treatment (Fig. 1d). The results of tissue-specific
expression analysis showed the highest expression level in
the leaves during the growth stage (Fig. le), while the
expression level in the shoots was lowest and increased in
the dormant stage. When the air temperature decreased
to the lowest level at the dormant stage, the expression
level of AaBAM3.1 reached the highest level (Fig. 1f).
Taken together, the results indicated that AaBAM3.1 can
respond to cold stress.

In vitro analysis of the subcellular localization of the
AaBAM3.1 protein and BAM enzyme activity

The subcellular localization of AaBAM3.1 was exam-
ined via its transient expression in tobacco. We con-
structed an AaBAM3.1-green fluorescent protein (GFP)
fusion vector and used the empty vector (EV) containing
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GEFP alone as a control. These plasmids, driven by the
CaMV 35 S promoter, were injected into the tobacco leaf
epidermis using the Agrobacterium-mediated transient
expression method. GFP fluorescence was ubiquitously
distributed around the whole cell in those containing the
control plasmid (Fig. 2a). By contrast, the GFP signal in
cells containing the recombinant plasmid was observed
solely in the cytoplasm and overlapped with the red
autofluorescence of chloroplasts. Overall, the results
indicated that AaBAM3.1 was located in the chloroplast.
Overexpression of the AaBAM3.1-glutathione S-trans-
ferase (GST) fusion plasmid in E. coli Rosetta (DE3) cells
was induced by IPTG. The total purified proteins and the
induced soluble protein fraction were isolated via SDS-
PAGE, and AaBAM3.1 was shown to be successfully
expressed (Fig. 2b). The proteins whose expression was
induced were used to analyze enzyme activity. The results
indicated that the fusion protein could catalyze the
transformation of starch into maltose. As expected, the
control (ddH,O) exhibited no obvious BAM activity.

Heterologous expression of AaBAM3.1 enhances cold
tolerance of A. thaliana

The transgenic and wild-type plants did not show
obvious phenotypic differences under normal growth
conditions. When 3-week-old plants were subjected to
—2°C for 2h, the WT plants showed more severe
cold injury than did the transgenic plants (Fig. 3a).
After freezing stress, the average survival rate of the
AaBAMS3.1-overexpressing plants was higher (>40%) than
that of the WT plants (<20%) (Fig. 3d). Malondialdehyde
(MDA) and REL levels were measured to assess mem-
brane damage in the treated plants. We observed sig-
nificantly lower levels of MDA and REL in the transgenic
plants than in the WT plants under cold stress conditions
(Fig. 3e, h). Previous studies have shown that the activities
of antioxidant enzymes such as superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) play an
important role in enhancing freezing tolerance. We also
observed that the transgenic plants exhibited significantly
higher SOD, POD, and CAT activities than the WT plants
did under the —2 °C treatment (Fig. 3j, k, 1). Proline (PRO)
and soluble sugars (SS) are considered important com-
patible solutes that help plants cope with abiotic stress.
After —2°C treatment, the PRO and SS contents in the
transgenic plants were significantly higher than those in
the WT plants (Fig. 3f, g). Under the —2°C treatment,
in situ histochemical staining via diaminobenzidine
(DAB) and nitro blue tetrazolium (NBT) revealed that
H,0, and O, accumulated more in the WT plants than
in the transgenic plants (Fig. 3b). Chlorophyll fluores-
cence imaging demonstrated that the leaves of the
transgenic plants maintained a higher level of chlorophyll
fluorescence than did those of the WT plants under cold
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stress. The Fv/Fm values of both the transgenic and WT
plants were reduced under cold stress; however, the
transgenic plants displayed higher Fv/Fm values than did
the WT plants (Fig. 3c, m). After cold stress, the relative
expression of AaBAM3.1 was higher in the treated
transgenic kiwifruit plants than in the untreated trans-
genic plants (Fig. 3n). Taken together, the above results
indicated that AaBAM3.1 contributes to freezing toler-
ance by decreasing the ROS, REL and MDA levels and
increasing the antioxidant enzyme activities and contents
of compatible solutes.

AaBAM3.1 overexpression in A. chinensis enhances cold
tolerance

To confirm the roles of AaBAM3.1 in kiwifruit, we
obtained AaBAMa3.1-overexpressing plants of A. chinensis
cv. Hongyang by transforming explants produced from
leaf strips. Three lines with high expression of AaBAM3.1
were chosen for further studies. The cold tolerance of
transgenic kiwifruit was assessed by analyzing the REL
levels and Fv/Fm, taking WT plants as controls. After
subjecting 30-day-old plants to 2 °C treatment for 1 h, the
WT plants showed more severe cold injury than did the
transgenic plants (Fig. 4a). Under low-temperature stress,

the REL and MDA levels in the transgenic plants were
significantly lower than those in the WT plants (Fig. 4d,
e). In addition, the Fv/Fm was lower in the transgenic
lines than in the WT (Fig. 4c, i). DAB and NBT staining
indicated that the transgenic plants accumulated less
H,0, and O, than did the WT plants. Moreover, the
levels of ROS were significantly lower in the transgenic
plants than in the WT plants under cold stress (Fig. 4b).
Beta-amylase activity was significantly higher in the
A. chinensis transgenic lines than in the the WT plants
after cold stress (Fig. 4g). In addition, SS levels were
higher in the transgenic lines than in WT plants (Fig. 4f).
After treatment, the relative expression of AaBAM3.1
was higher in the treated transgenic plants than in the
untreated transgenic plants (Fig. 4h). From the above
results, we can infer the positive involvement of
AaBAMa3.1 in enhancing the cold tolerance of kiwifruit.

Promoter element analysis

We used the NewPLACE database and conducted a
manual search to identify the cis-elements in the
AaBAM3.1 promoter sequences (~1.3kb) that were
involved in the plant cold response to reveal the tran-
scriptional regulation network of the AaBAMS3.1 gene.
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A CBF binding site was identified in the promoter region
of AaBAM3.1. ABRE, MYB, and ERF elements were also
found in the promoter of AaBAM3.1 (Table 1).

Promoter activity assays for AaBAM3.1

For beta-glucuronidase (GUS) histological staining
assays, the AaBAM3.1 promoter sequence was ligated into
a pCAMBIA3301 vector to obtain the recombinant plas-
mid AaBAM3.1pro:GUS (Fig. 5a). The AaBAMS3.Ipro:
GUS gene in the transgenic plants was induced and
overexpressed during cold stress. The relative expression
of GUS showed that its activity gradually increased during
cold stress treatment (Fig. 5b). Taken together, the results
showed that the AaBAM3.1 promoter played a key role in
the response to cold stress.

AaCBF expression during cold treatment and
transcriptional activity assays

Four AaCBF genes were cloned and ligated into A.
arguta using the homology-based cloning method; in

accordance with the protocol for sequentially naming
genes as they appear in the literature™, we named the
four AaCBF genes AaCBF1.1, AaCBF2.1, AaCBF2.2,
and AaCBF4 (GenBank Accession Nos. MT477463,
MT477464, MT477465, and MT477466). The trend of the
mRNA transcript levels of AaCBF2.2 and AaCBF4 was
the same as the expression of AaBAM3.1 under cold
treatment. In contrast, the expression of AaCBF1.1 initi-
ally increased but then decreased with increasing treat-
ment duration, and the AaCBF2.1 transcript level
remained low under cold treatment (Fig. 6a). Yeast strain
AHI109 containing pGBKT7-AaCBF2.2 and pGBKT7-
AaCBF4 grew well on SD/-Trp/-Ade/-His plates,
whereas only yeast cells transformed with pGBKT7-
AaCBF4 exhibited GAL4 activity on SD/-Trp/-Ade/-His
plates supplemented with X-a-Gal, indicating that
AaCBF4 presented transcriptional activation activity
(Fig. 6b). The results of our subcellular localization ana-
lysis are shown in Fig. 6¢c. The AaCBF4:GEFP fusion pro-
tein was localized in the nuclear region of tobacco
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epidermal cells. Taken together, these results revealed and because these genes play a key role in freezing tol-

that AaCBF4 expression responded to cold exhibited and  erance, a cis-acting regulatory motif search of the

that this gene presented transcriptional activation activity. = AaBAM3.1 promoter was performed to determine

whether AaCBF4 could regulate the expression of

AaCBF4 binds to the AaBAM3.1 promoter AaBAM3.1 under low temperature. We found a CBF-

Because the mRNA expression levels of AaBAM3.1  binding motif (TCGAC) located at —1166 bp in the
and AaCBF4 increased in response to low temperature =~ AaBAMS3.1 promoter (Fig. 7a).
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To verify the assumption that AaBAMS3.1 expression is
directly regulated by AaCBF4, we performed a yeast one-
hybrid assay (Y1H). The ORF of AaCBF4 was cloned into
the GAL4 activation domain in the pGADT7-Rec2 vector
to construct the recombinant pGADT7-AaCBF4 plasmid
(Fig. 7b). A 140bp region of the AaBAM3.1 promoter
containing the CRT/DRE cis-element (TCGAC) was
ligated and then cloned into a pAbAi vector to produce
pPPsaars.-AbAI bait (Fig. 7b). The pGADT7-AaCBF4 prey
vector and pPgaass.;-AbAi bait vectors were subsequently
cotransformed into Y1H strains, and the transformed
Y1H strains were then spread onto SD/-Leu media with or
without 250 ng/mL AbA supplementation. pGADT7-p53

and p53-AbAi were used as positive controls. The
pGADT7-AaCBF4 transformants and pPgaass;-AbAi
transformants grew well on media supplemented with
250ng/mL ADbA, and the positive control (harboring
pGADT7-p53 and p53-AbAi) also grew well on media
supplemented with 250 ng/mL AbA, whereas the negative
control (harboring pGADT7-AaCBF4 and empty p-AbAi)
could not grow in the presence of 250 ng/mL AbA
(Fig. 7b). These results indicated that AaCBF4 bound to
the CRT/DRE cis-element in the promoter of AaBAMS3.1.

To validate the results of the Y1H assays, we carried
out a transient expression assay in tobacco leaves using a
GUS activity assay. A 35 S::AaCBF4 fusion plasmid was
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constructed as an effector, and a recombinant Pgapz i
GUS plasmid harboring 140bp of the AaBAM3.1 pro-
moter sequence containing the CRT/DRE cis-element was
used as a reporter. We observed that leaves cotransformed
with 35 S::AaCBF4 and Pgapn31:GUS exhibited a deeper
blue color than did the leaves injected with the empty
pBI121 effector and Ppam3.1::GUS; moreover, the relative
GUS expression results were consistent with the GUS
staining images (Fig. 7c).

Table 1 Cis-acting regulatory elements were predicted in
the promoter regions of AaBAM3.1 in relation to the cold
response of A. arguta
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We further performed a dual-luciferase reporter assay
to confirm the Y1H results. The recombinant 35 S:
AaCBF4 effector and two reporters, Pganz1:LUC and
pGreenll:LUC, containing 140bp AaBAMS3.1 reporter
sequences with or without the CRT/DRE cis-element,
were constructed (Fig. 7d). The assays indicated that the
LUC activities in the leaves infiltrated with 35 S:AaCBF4
and Pggyg3.7:LUC were significantly higher than those in
the leaves injected with 35 S::AaCBF4 and pGreenlI:LUC
or with the pBI121 empty vector and Pggars :LUC
(Fig. 7d). The results of the LUC activity imaging were
consistent with the LUC activity values.

Discussion
AaBAM3.1 is expressed in response to cold

To survive cold stress, plants have developed the ability
to resist low temperatures*”. Many studies have revealed
that plants degrade starch to produce soluble sugars and
secondary metabolites to alleviate low-temperature
injury*®. Beta-amylase (mainly BAMS3) is a major hydro-
lytic enzyme that attacks the nonreducing end of starch to
release soluble sugars*’. Among the nine BAM genes
present in A. thaliana, only AtBAM3 is transcriptionally
induced by cold stress, which means that AtBAM3 is a core
gene involved in the mitigation of low-temperature injury
in A. thaliana®®. A previous study identified 16 AcBAM
genes in the A. chinensis genome, and AaBAMS3.1, obtained
by homologous cloning, is a candidate gene for freezing
tolerance in the dormant stage. According to the results of
this study, AaBAM3.1 can be categorized together with the
cold-responsive BAM3 genes of other species (A. thaliana,

Cis-acting Sequence Probable function
element name
CRT/DRE TCGAC CBF (C-repeat-binding
factor)-binding

ABRE ACGTC Abscisic acid-responsiveness
MYB CAACTG
ERF ATTTT/CAAA
TGACG-motif TGACG MelJA-responsiveness
Box4 ATTAAT Light responsiveness
MBS CAACTG Drought-inducibility
TCA-element TCAGAAGAGG  Salicylic acid responsiveness
Circadian CAAAGATATC  Circadian rhythm control
P
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Blpr ]—{ AaBAMB3.1 Promoter

\.
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Fig. 5 Analysis of AaBAM3.1 promoter activity in transgenic Arabidopsis under cold stress. a Schematic diagram of PpCAMBIA3301-Pgan:GUS.
b Analysis of GUS activity in transgenic Arabidopsis expressing the AaBAM3.1 promoter under cold stress (4 °C). I: WT; II: transgenic plant (4 °C for
0 min); lll: transgenic plant (4 °C for 10 min); IV: transgenic plant (4 °C for 20 min); V: transgenic plant (4 °C for 30 min); VI: transgenic plant (4 °C for
60 min). ¢ GUS mRNA expression was measured via RT-gPCR at 4 °C for 0 min, 10 min, 20 min, 30 min, and 60 min
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blueberry, orange, pear, tea) based on their sequence
similarities and gene structure. In addition, BAM3 contains
common domains that are conserved among different
species. Based on these results, we can assume that starch
metabolism is similar among plants in response to cold
stress.

The activation of some BAM isoforms in response to
cold stress has been reported according to gene expres-
sion and enzyme activity analyses. In rice, a BMY8 mutant
was found to be cold sensitive due to an inability to break
down starch®®. In our study, the photosynthesis system
and membrane integrity were hindered by cold treatment,

which upregulated AaBAM3.1 mRNA transcript levels.
We can assume that AaBAM3.1 is as a prominent BAM
gene involved in cold tolerance. First, AaBAM3.1 and
AtBAMS3 show high similarity in terms of domain con-
servation. Second, AaBAM3.1 mRNA transcript levels
continuously increased in response to low temperature
over 5 days of treatment. In the growth period, the eva-
luation of the tissue-specific expression of this gene
showed that the mRNA transcript level was highest in the
leaves and lowest in the shoots. In the dormant period, the
expression levels increased rapidly in the shoots. Taken
together, these results showed that the plants adopted
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different strategies to cope with cold stress at different
developmental stages in their annual growth cycle.
Despite the different freezing tolerance strategies of the
plants, AaBAM3.1 expression was continuously induced
under low temperature, which meant that AaBAM3.1
played a role in the response to low-temperature stress
and the enhancement of freezing tolerance at both the
growth stage and the dormant stage.

A. arguta AaBAM3.1 may play a role in enhancing freezing
tolerance

Cold stress is widely known to induce osmotic stress,
which can trigger a decrease in membrane ion exchange,
metabolic disorders, a loss of water potential and cell
death, depending on the duration and degree of low-
temperature treatment®. Plants have developed sophis-
ticated strategies for adapting to or surviving under cold

stress, and one of these survival strategies involves the
accumulation of very high levels of osmolytes or compa-
tible solutes through osmotic adjustment®. Sugars are
considered important osmolytes that can help plant cells
resist abiotic stresses, improve water retention, regulate
and stabilize biochemical reactions and protect mem-
branes by adjusting the osmotic potential within the cell®'.
Sugar metabolism involves many pathways that produce
large quantities of soluble sugars, such as sucrose, glucose,
fructose, trehalose, fructans, and raffinose®”. Plants trea-
ted with exogenous soluble sugars before cold stress have
been shown to exhibit high accumulations of endogenous
soluble sugars, showing that these metabolites and their
derived products can act as compatible solutes that play
key roles in protecting plant cells from injury induced by
cold stress®®. A positive correlation between the mRNA
expression level of BAM3 and soluble sugar accumulation
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has been observed under cold stress, which leads to
enhanced freezing tolerance®®. Compared with WT
plants, AtBAM3 RNAi lines show decreased soluble sugar
levels and poor freezing tolerance under cold stress,
indicating that these characteristics might be positively
correlated. In this study, the higher accumulation of
compatible solutes observed in AaBAMa3.1-over-
expressing transgenic lines (both A. thaliana and kiwifruit
plants) led us to speculate that the transgenic plants
overexpressing AaBAM3.1 may have a stronger osmotic
adjustment ability than WT plants have. This assumption
was supported by the low level of REL observed under low
temperature, indicating that, compared with the WT
plants, the AaBAMa3.1-overexpressing lines experienced
minor osmotic stress injury. Consequently, the higher
accumulation of soluble sugars was demonstrated to be
one of the survival mechanisms enhancing freezing tol-
erance in the AaBAMS3.1-overexpressing transgenic lines
compared with the WT plants.

Cold stress disrupts the redox balance in cells, which
leads to the accumulation of additional ROS>®. In turn,
high ROS accumulation leads to oxidative stress, which is
harmful to cellular functions and biological processes
because of the denaturation of functional proteins®. Under
nonstress conditions, the amount of ROS production is
equal to that of ROS scavenging, while increased ROS
accumulation is mainly due to an imbalance between ROS
production and scavenging under cold stress. To survive
oxidative stress, plants have evolved complex strategies to
scavenge various types of ROS. Some of the well-known
antioxidant compounds can be divided into two categories:
enzymatic (SOD, POD, CAT, etc.) and nonenzymatic
(anthocyanin, carotenoids, glutathione, tocopherols and
ascorbic acid, etc.) ones®~*°. Recent findings have shown
that several sugars can serve as antioxidants and have an
important effect on ROS scavenging, including glucose,
fructose, sucrose, inositol, galactinol, trehalose and raffi-
nose'®. It is clear that the regulation of the plant redox
system can increase freezing tolerance®’. In this study, DAB
and NBT staining assays indicated that the accumulation of
antioxidants in AaBAMS3.1-overexpressing plants was
greater than that in WT plants, suggesting that the
AaBAM3.1-overexpressing plants present a robust ability
to scavenge ROS under cold stress. Moreover, the lower
accumulation of MDA, which serves as an indicator of the
degree of membrane damage, showed that the AaBAM3.1-
overexpressing transgenic lines experienced minor oxida-
tive stress. Chloroplasts and mitochondria are the major
organelles responsible for ROS generation due to the dis-
order of the electron transfer chain. Interestingly, sub-
cellular localization results showed that AaBAMS3.1
localizes to the chloroplast, implying that the AaBAM3.1
enzyme in chloroplasts might be directly and indirectly
involved in scavenging ROS. Soluble sugars derived from
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starch degradation in chloroplasts can play a key role in
sugar metabolism to produce various sugar derivatives
through a set of sugar metabolism pathways. Therefore, we
assume that, compared with the WT plants, the over-
expressing lines accumulated greater amounts of soluble
sugars and their derivatives to scavenge the ROS produced
in the chloroplasts. ROS produced in the cytoplasm can
also be scavenged by soluble sugars®”. Overall, the results
revealed that the increased ROS-scavenging ability derived
from the highly abundant accumulation of soluble sugars is
a survival mechanism that enhances the freezing tolerance
of kiwifruit.

A model for the regulation of freezing tolerance driven by
the AaCBF4-AaBAM3.1 module

The BAM gene is a functional gene encoding an enzyme
with catalytic activity. Moreover, it plays a direct role in
alleviating cold damage by producing soluble sugars
contributing to cold stress resistance. However, the spe-
cific role of the BAM gene in transcriptional regulatory
networks is poorly understood. The OsMYB30 tran-
scription factor can suppress the expression of BMY2,
BMY6, and BMYI0 in rice®. In the past few decades, the
CBF regulatory pathway has become the best-understood
cold-responsive network®®. It has been shown that CBFs
act as a hub linking the downstream low-temperature
response with upstream signal transmission. In some
species, including A. thaliana, Triticum aestivum, Hor-
deum vulgare, and Brassica oleracea, some CBF genes
have been shown to serve as indicators of freezing toler-
ance. The expression of a number of COR genes is
regulated by CBFs, which bind to corresponding CRT/
DRE cis-elements in the promoters of the COR genes. The
genes containing CRT/DRE cis-elements in their pro-
moters encode a series of different cryoprotectant pro-
teins, including COR15a, ERD10, COR6.6, KIN1, RD19a,
and COR47, which play key roles in enhancing freezing
tolerance®®. However, although some COR genes con-
taining CRT/DRE cis-elements in their promoters have
been identified, the knowledge of the genes regulated by
CBFs and their functions in freezing tolerance of kiwifruit
is still quite poor. In this study, we found that the AaCBF4
gene could respond to cold stress and tended to be
expressed in the same manner as the AaBAM3.1 gene was
under cold stress. The AaCBF4 gene encodes a TF
involved in the positive regulation of the freezing toler-
ance of kiwifruit. A CBF-binding element has been iden-
tified in the AaBAMS3.1 promoter region. Y1H, transient
GUS and dual-luciferase reporter assays indicated that
AaCBF4 showed a positive relationship with AaBAM3.1.
On the basis of these results, we speculated that
AaBAMa3.1 expression is regulated by AaCBF4, indicating
that the AaCBF-AaBAM module may be activated by cold
stress to enhance freezing tolerance.



Sun et al. Horticulture Research (2021)8:97

Conclusion

In conclusion, our results demonstrate that AaBAM3.1,
which is localized in the chloroplasts, is responsible for
freezing tolerance enhancement and is involved in starch
degradation. AaBAM3.1 plays a key role in enhancing
freezing tolerance through the modulation of compatible
solute and antioxidant enzyme levels. AaBAM3.1 is
regarded as a cold-responsive gene containing CRT/DRE
elements in its promoters. Hence, these findings show
that the AaCBF4-AaBAM3.1 module is involved in the
transduction network related to the freezing tolerance of
kiwifruit.

Materials and methods
Plant materials and treatments

Two Actinidia species, A. arguta cv. Kuilv (KL) (whose
semilethal temperature is —30°C) and A. chinensis cv.
Hongyang (whose semilethal temperature is —13°C)
were used in this study. Micropropagated plantlets were
grown on Murashige and Skoog 1962 (MS) culture
media comprising 7.2 g/L agar and 30 g/L sucrose (pH
5.8). Thirty-day-old plants displaying uniform growth
were used for cold treatments. Plants grown in bottles
were treated at 4 °C in a low-temperature incubator, and
whole leaves were then harvested at Oh, 6 h, 1 d, 3 d, and
5 d time points. Each sample included three biological
replicates. For seasonal gene expression samples, mature
(3-year-old) KL plants planted in 3-1 pots were placed in
the field. The shoots were collected from mid-April 2017
to March 2018. All six of the collection points were in
the morning: S1, 15 April; S2, 15 November; S3, 7
December; S4, 23 December; S5, 15 January; and S6, 15
March. Moreover, different tissues of KL plants were
collected. Three biological replicates of shoots were used
for RNA extraction.

Gene cloning and sequence analysis

The open reading frames (ORFs) of AaBAM3.1 and
AaCBF4 were cloned from the cDNA of A. arguta (KL)
leaves by using the primers AaBAM3.1-ORF-F/R and
AaCBF4-ORF-F/R (Table S1). AaCBF1.1, AaCBF2.1 and
AaCBF2.2 were cloned by using the primers AaCBF1.1-
ORF-F/R, AaCBF2.1-ORF-F/R and AaCBF2.2-ORF-F/R,
respectively. Multiple alignment of the putative protein
sequences was conducted via DNAMAN 7.0. MEGAX
32 software was utilized to construct a maximum like-
lihood (ML) tree with 1000 bootstrap replicates. Tools
from the online website ExPASy (http://www.expasy.org)
were used to predict the molecular weights and theore-
tical isoelectric points. Furthermore, the ClustalX pro-
gram with default settings was employed to predict the
conserved domains. Underlying cis-elements in the pro-
moter sequence were identified via the NewPLACE
(https://www.dna.affrc.go.jp/PLACE/) database.
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Quantitative real-time PCR (RT-gPCR) analysis

The RNA extraction method and RT-qPCR were per-
formed as described by Li®®. Three independent biological
replicates were analyzed for each sample. All the data
were analyzed using the 2" AAC method”. The RT-
qPCR primers were designed by using Primer Premier 5
(the primers used are listed in Table S1).

Subcellular localization of AaBAM3.1 and AaCBF4

The coding sequences of AaBAM3.1 and AaCBF4 were
amplified via HiFi-enzyme PCR using primers without
stop codons. The PCR products of AaBAMS3.1 and
AaCBF4 were then ligated into a pBI121 plasmid and
fused together with GFP, and their expression was driven
by the CaMV 35S promoter. Following sequence con-
firmation, the recombinant 35S pro:AaBAM3.1:GFP,
35S pro:AaCBF4::GFP, and 35S pro:GFP (control) plas-
mids were transferred into Agrobacterium tumefaciens
strain GV3101. Tobacco leaves were injected with these
bacterial suspensions (ODgy = 0.6—1.0), which were then
kept in a chamber for 2-3 days, after which the trans-
formed leaves were then observed under a confocal laser-
scanning microscope (FV1000; Olympus, Tokyo, Japan).

Detection of BAM enzyme activity

The AaBAM3.1 cDNA was cloned by using primers
without stop codons. The PCR product was subcloned into
pGEX4T-1 with a GST tag. The fusion plasmid and EV
were subsequently transferred into the E. coli Rosetta (DE3)
strain. E. coli cells harboring pGEX4T-1-AaBAM3.1 and
pGEXA4T-1 (EV) were then cultivated in 50 mL of liquid LB
media consisting of 50 mg/L kanamycin at 37°C to an
ODggo = 0.6 and then induced with 1 mM isopropyl-beta-
D-thiogalactopyranoside (IPTG) at 28°C. After 8h, the
cells were collected by centrifugation at 10,000 x g for
10 min, resuspended in phosphate-buffered saline (PBS;
pH = 7.0), and disrupted by sonication. Enzyme activity
was measured using a beta-amylase assay kit (Nanjing
Jiancheng Bioengineering Institute, China).

Y1H assays

Y1H assays were conducted using a Matchmaker™
Gold Yeast One-Hybrid Library Screening System
(Clontech, San Francisco, USA) to examine the interac-
tion of AaCBF4 and the AaBAM3.1 promoter. The pri-
mers listed in Table S1 were used to clone the 140 bp
promoter region containing a CRT/DRE cis-element.
The amplified 140 bp sequence was cloned into an pAbAi
vector to construct bait. The AaCBF4 ORF was fused
with the GAL4 activation domain (AD) in the pGADT7-
AD vector to produce a prey vector (pGAD-AaCBF4).
After the transformants were screened on SD/-Ura plates
and the minimal inhibitory concentration of aureobasidin
A (AbA) for the positive bait strains was measured,
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pGAD-AaCBF4 was transferred to yeast cells. A positive
yeast strain was selected on SD/-Leu plates that included
250 ng/mL AbA and were cultured at 30 °C for 2—-3 days.
Positive yeast cells harboring pGADT7-53 and p53-AbAi
were used as positive controls.

GUS and luciferase reporter assays

To verify the interaction between AaCBF4 and the CRT/
DRE cis-elements in the AaBAM3.1 promoter, transient
expression experiments and GUS and luciferase reporter
assays were conducted in the model plant species
tobacco®®. The PCR-amplified 140 bp promoter sequence
containing the AaBAM3.1 promoter CRT/DRE cis-element
was cloned into pBI121 and pGreenlI 0800-LUC vectors to
obtain reporter plasmids. The AaCBF4 ORF was ligated
into pBI121 to produce effector constructs. The effector
and reporter constructs were subsequently transferred into
A. tumefaciens strain GV3101, which were then coin-
filtrated into tobacco leaves via agroinfiltration®. After
coculturing in an illuminated chamber for 48-72h at
25 °C, a Dual-Luciferase Reporter Assay System (Promega,
USA) was used to determine LUC and REN luciferase
activities according to the manufacturer’s instructions, and
GUS staining was performed as described by Hellens®.

A. thaliana transformation

The AaBAM3.1 ORF driven by the constitutive CaMV
35S promoter or AaBAMS3.1 promoter was cloned
into pBI121 or pCAMBIA3301. A. tumefaciens (strain
GV3101) harboring the AaBAM3.1 ORF or AaBAMS3.1
promoter-containing recombinant plasmids were trans-
formed into WT A. thaliana (Col-0) plants via the floral-
dip method”". TO seeds were selected on MS screening
culture media comprising kanamycin (Kan) (100 mg/L;
Sigma, St. Louis, USA) or phosphinothricin (Basta) (1 mg/
L; Sigma, St. Louis, USA). Three positive T3 transgenic
lines were chosen for further gene functional verification.

Cold treatment of transgenic A. thaliana and analysis of
physiological characteristics

For the freezing tolerance experiment, 3-week-old WT
and transgenic A. thaliana plants (Fig. S1) were treated as
described by Ding’>. The survival was scored 7 days after
treatment. For the determination of physiological changes,
3-week-old A. thaliana plants from the WT and transgenic
lines were subjected to treatment at —2°C for 2 h. After-
ward, SOD, POD, CAT, and BAM activities and PRO, SS
and MDA contents were determined as described in the kit
manual (Nanjing Jiancheng Bioengineering Institute, China).
REL was measured via the method described by Lappi’.
Using the 3,3’-diaminobenzidine (DAB) and nitro blue tet-
razolium (NBT) staining methods, the accumulation of
hydrogen peroxide (H,O,) and superoxide (O, ") under cold
stress was determined’*””. For chlorophyll fluorescence
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measurements, whole plants were imaged using an
IMAGING-PAM chlorophyll fluorometer (Walz, Effeltrich,
Germany), and plants were placed in a dark room for 20 min
prior to imaging. The maximum quantum efficiency of
photosystem II (Fv/Fm) was measured with Imaging Win-
GegE software’®. For GUS staining, 3-week-old A. thaliana
plants (Fig. S3) from the WT and transgenic lines were
subjected to 4°C for Omin, 10 min, 20 min, 30 min, or
60 min. Each sample consisted of three seedlings, and each
experiment was performed in triplicate.

Transformation of A. chinensis leaves and regeneration of
transgenic plants

The AaBAM3.1 ORF was cloned into a pBI121 vector
driven by the CaMV 35 S promoter, and the recombinant
plasmid was subsequently transformed into A. chinensis
leaves based on the protocol outlined by Wang’” (Fig. S2).
Transgenic plants were obtained after ~6 months. The
transformed plants were identified using PCR and RT-
qPCR methods to successfully verify the incorporation of
the transgene. Three positive transgenic kiwifruit lines
with high AaBAM3.1 mRNA expression were chosen for
molecular and phenotypic analyses.

Evaluation of the cold tolerance of AaBAM3.1-
overexpressing A. chinensis plants

A. chinensis plants from the WT and three transgenic
lines (OE#1, OE#2, OE#3) were subjected to cold stress
(at 2°C) for 2 h. After cold treatment, plant leaves were
harvested to measure various physiological indicators.
The BAM activity and SS contents were determined based
on the abovementioned methods. The REL and MDA
contents were measured according the abovementioned
methods. The in situ accumulation of H,O, and O, was
detected via DAB and NBT, respectively. For chlorophyll
fluorescence detection, whole plants were imaged by an
IMAGING-PAM chlorophyll fluorometer, and the max-
imum quantum efficiency of photosystem II (Fv/Fm) was
determined by Imaging WinGegE software.

Statistical analysis

The statistical analysis was performed with the
Windows-based SPSS software package (version 22,
USA). T-tests and one-way ANOVA were used to analyze
the data, and Duncan’s multiple comparisons were
employed for sample comparisons at significance levels of
P <0.05 or P<0.01.
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