Planta (2012) 236:355-369
DOI 10.1007/s00425-012-1611-4

ORIGINAL ARTICLE

Trehalose metabolism is activated upon chilling in grapevine
and might participate in Burkholderia phytofirmans induced

chilling tolerance

Olivier Fernandez - Lies Vandesteene *
Regina Feil - Fabienne Baillieul - John Edward Lunn -
Christophe Clément

Received: 22 November 2011/ Accepted: 7 February 2012 /Published online: 25 February 2012

© Springer-Verlag 2012

Abstract During the last decade, there has been growing
interest in the role of trehalose metabolism in tolerance to
abiotic stress in higher plants, especially cold stress. So far,
this metabolism has not yet been studied in Vitis vinifera
L., despite the economic importance of this crop. The goal
of this paper was to investigate the involvement of treha-
lose metabolism in the response of grapevine to chilling
stress, and to compare the response in plants bacterised
with Burkholderia phytofirmans strain PsJN, a plant
growth-promoting rhizobacterium that confers grapevine
chilling tolerance, with mock-inoculated plants. In silico
analysis revealed that the V. vinifera L. genome contains
genes encoding the enzymes responsible for trehalose
synthesis and degradation. Transcript analysis showed that
these genes were differentially expressed in various plant
organs, and we also characterised their response to chilling.
Both trehalose and trehalose 6-phosphate (T6P) were
present in grapevine tissues and showed a distinct pattern
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of accumulation upon chilling. Our results suggest a role
for TO6P as the main active molecule in the metabolism
upon chilling, with a possible link with sucrose metabo-
lism. Furthermore, plants colonised by B. phytofirmans and
cultivated at 26°C accumulated T6P and trehalose in stems
and leaves at concentrations similar to non-bacterised
plants exposed to chilling temperatures for 1 day. Overall,
our data suggest that TGP and trehalose accumulate upon
chilling stress in grapevine and might participate in the
resistance to chilling stress conferred by B. phytofirmans.
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Abbreviations

HAD 1-2-Haloacid dehalogenase

PGPR  Plant growth-promoting rhizobacteria
SnRK1 Sucrose-non-fermenting-1-related kinase 1
T6P Trehalose-6-phosphate

TPS Trehalose phosphate synthase

TPP Trehalose phosphate phosphatase

TRE Trehalase

Introduction

Trehalose is a multi-faceted disaccharide present in most
living organisms (Elbein et al. 2003; Paul et al. 2008). In
higher plants, trehalose is (1) synthesised via the phos-
phorylated intermediate trehalose-6-phosphate (T6P) in a
two-step pathway involving trehalose phosphate synthase
(TPS) and trehalose phosphate phosphatase (TPP) and (2)
degraded by trehalase (TRE; Paul et al. 2008). Trehalose is
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a key sugar in microorganisms (Argiielles 2000; Paul et al.
2008) and is particularly involved in stress resistance. It
protects several bacteria and fungi against osmotic (Purvis
et al. 2005), oxidative (Cao et al. 2008) and cold stresses
(Kandror et al. 2002, 2004). In contrast to these organisms,
trehalose was, until recently, considered to be an unim-
portant sugar in most vascular plants. With the exception of
some drought-resistant “resurrection plants”, such as
Myrothamnus flabellifolius, Selaginella lepidophylla or
Selaginella tamariscina (Drennan et al. 1993; Goddijn and
van Dun 1999; Liu et al. 2008), its concentration in other
species was barely detectable (Paul et al. 2008; Fernandez
et al. 2010).

There are large families of TPS and TPP genes in
Arabidopsis thaliana (Leyman et al. 2001; Avonce et al.
2006; Lunn 2007). To date, in all plants whose TPS genes
were analysed, only one isoform has been shown to encode
an active TPS enzyme (AtTPSI, OsTPSI, SITPSI; van
Dijck et al. 2002; Vandesteene et al. 2010; Li et al. 2011).
In contrast, recent evidence suggests that all of the
A. thaliana TPP genes encode active enzymes with specific
expression patterns in different plant tissues (Vandesteene
2009). During the last decade, transgenic approaches have
been used to increase trehalose synthesis in crop species by
over-expression of bacterial, yeast or plant enzymes for
trehalose synthesis (for review, see Fernandez et al. 2010).
Most of the resulting transgenic plants displayed improved
resistance against abiotic stress, especially drought and
cold. In these plants, concentrations of both T6P and tre-
halose were usually higher than in wild-type controls (for
review, see Fernandez et al. 2010). However, so far, no
clear explanation of the involvement of T6P and/or treha-
lose in triggering these resistance traits has been provided.
Nevertheless, it seems clear that at least one of these two
molecules displays signalling properties (Reignault et al.
2001; Bae et al. 2005a, b; Lunn et al. 2006; Renard-Merlier
et al. 2007; Paul et al. 2008; Fernandez et al. 2010).
Recently, strong evidence has emerged to suggest that T6P
inhibits the sucrose-non-fermenting-1-related kinase 1
(SnRK1), a key transcriptional regulator that responds to
carbon and energy supply (Zhang et al. 2009). In addition,
T6P may act as a downstream signal of sucrose cytoplas-
mic concentration (Lunn et al. 2006). Surprisingly, not
much is known about either T6P or trehalose levels in non-
transgenic plants or the regulation of their synthesis fol-
lowing application of stresses, especially in woody plants
under cold stress.

Despite global warming, low temperatures are still a
major limitation to agricultural productivity, causing mas-
sive losses to crops worldwide (Boyer 1982; Bray et al.
2000; Ruelland et al. 2009). The types of damage caused
by cold have been extensively reviewed in Ruelland et al.
(2009). It is common to distinguish stress imposed by
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freezing (below 0°C) and chilling (above 0°C; Ruelland
et al. 2009). The latter generally triggers a phenomenon
known as cold acclimation (Ruelland et al. 2009; Janska
et al. 2010), even if long-term exposure to chilling can
threaten the plant’s survival. Cold acclimation is charac-
terised by modification of several physiological traits
(reviewed in Ruelland et al. 2009), including accumulation
of soluble sugars as cryoprotectants (Steponkus 1984;
Hirsh 1987; Crowe 2007), as well as scavengers of reactive
oxygen species (Couée et al. 2006) and signalling mole-
cules (Ruelland et al. 2009).

Vitis vinifera L. is cultivated worldwide, mainly in
temperate and cool climates. Chilling markedly reduces its
growth and photosynthesis, and delays flowering (Hend-
rickson et al. 2004; Bertamini et al. 2005; Ait Barka et al.
2006; Bertamini et al. 2006). Cold acclimation in grapevine
is characterised by the synthesis of proline and phenolic
compounds, but also by simultaneous accumulation of
starch and soluble sugars (Ait Barka et al. 20006).
Improving resistance to chilling stress would be of con-
siderable interest to winegrowers. The use of plant growth-
promoting rhizobacteria (PGPR) is one of the most recent
technologies developed to protect crops against damage
caused by various forms of stress (Yang et al. 2009). We
have previously shown that the PGPR Burkholderia phy-
tofirmans strain PsJN is able to colonise grapevine roots
(Ait Barka et al. 2000), and that this association increases
soluble sugar concentrations and reduces the damage
caused to grapevine by chilling (Ait Barka et al. 2006).

In this paper, our goal was to identify the active iso-
forms of TPS, TPP and TRE and then investigate transcript
level regulation of their expression upon chilling (4°C) in
V. vinifera L., as well as the fluctuations of both T6P and
trehalose. In addition, we measured levels of these
metabolites in the chilling-tolerant grapevine plants when
bacterised with B. phytofirmans strain PsJN, to assess
whether T6P and/or trehalose have any role in this induced
resistance.

Materials and methods
Plant material
In vitro growth conditions

In vitro growth conditions were chosen to prevent con-
tamination by microorganisms, which can contain high
concentrations of trehalose and so interfere with the mea-
surement of the relatively low amounts of trehalose found
in plants. In vitro plants of V. vinifera L. cv. Chardonnay
clone 7535 (obtained from Moet & Chandon, Epernay,
France) were micro-propagated from nodal explants grown
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on 15 ml agar medium in 25-mm culture tubes as described
previously (Ait Barka et al. 2006). Cultured plants were
grown in a growth chamber at constant 26°C, under white
fluorescent light (200 pmol quanta m > s™') with 16 h
light per day.

Bacterial inoculum and plant bacterisation

The bacterial inoculum was produced by transferring two
loops of Burkholderia phytofirmans strain PsJN (obtained
from Dr. E. Ait Barka, University of Reims, France) to
100 ml of King’s B liquid medium in a 250-ml Erlenmeyer
flask incubated at 20°C at 150 rpm for 48 h. Bacteria were
collected by centrifugation (3,000g for 15 min) and washed
twice with phosphate-buffered saline (PBS, 10 mM
Na,HPO,, 150 mM NaCl, pH 6.5). The pellet was re-sus-
pended in PBS and the bacterial concentration was esti-
mated by measuring optical density at 600 nm. The
concentration was adjusted with PBS to 3 x 10® CFU ml ™"
(Pillay and Nowak 1997) and the resulting solution was
used as the inoculum. Roots of 2-week-old in vitro plants
were immersed in inoculum for 20 s, whereas control
mock-inoculated plants were immersed in PBS solution for
the same length of time. After inoculation, plants were
grown as described above for 4 weeks before the
experiments.

Chilling treatment

A 6-week-old plants, bacterised or non-bacterised with
B. phytofirmans, were transferred to a growth chamber at
4°C, with 16 h light (white fluorescent light, 200 pmol
quanta m~?2 s_l) and 8 h dark, whereas the control plants
grew at 26°C under the same light conditions.

Before performing experiments described in this man-
uscript, all samples were previously controlled by real-time
RT-PCR for positive induction of VvCBF4 (6, 9 and 24 h
after cold exposure), a major cold response regulator in
grapevine (Xiao et al. 2008; data not shown).

Sampling

A minimum of six plants was harvested for each treatment,
which was replicated at least three times. For sugar anal-
ysis, sampling was performed at the same hour (8:00 a.m.
after 2 h of illumination, except for the 3 and 9 h samples).
Roots, stems and leaves were collected separately from the
harvested plants and immediately frozen in liquid nitrogen.
Plant material was manually ground to a fine powder at
liquid nitrogen temperature using a pestle and mortar.
Aliquots of 100 mg were taken for RNA extraction, and
20 mg for sugar extraction.

Analysis of gene expression

Sampling, DNase treatment, RNA extraction and synthesis

of cDNA

Total RNA was extracted from 100 mg of leaf powder
using RNA Plant Purification Reagent (Invitrogen),
according to the manufacturer’s instructions. The RNA
pellet was re-suspended in 20 pl of RNase-free water.
Genomic DNA was removed by RNase-free DNase treat-
ment (Promega) using 1 U of enzyme per 5 pul of RNA
according to manufacturer’s instructions. RNA purity and
concentration were assessed by determining the absorbance
of the samples at 260 and 280 nm and the A,¢y/Asgo ratio.
RNA quality was evaluated from the integrity of the 28S
and 18S rRNA bands on a 1% agarose gel after electro-
phoresis in 0.5x TAE (Tris—acetate—-EDTA), staining with
ethidium bromide and visualisation under UV light.
Reverse transcription of RNA was performed with 150 ng
of total RNA, using M-MLYV reverse transcriptase (Invit-
rogen) following the manufacturer’s protocol.

Real-time RT-PCR analysis

PCR reactions were carried out in duplicates in 96-well
plates (15 pl per well) in a reaction buffer containing 1x
SYBR Green I mix (PE Biosystems, Foster City, CA, USA;
including Taq polymerase, dNTPs, SYBR Green dye),
280 nM primers (forward and reverse) and a 1:30 dilution
of reverse transcribed RNA. PCR conditions were 95°C for
15 s (denaturation) and 60°C for 1 min (annealing/exten-
sion) for 40 cycles using a GeneAmp 5700 sequence
Detection System (Applied Biosystems). Transcript level
was calculated using the comparative Ct method (AACY)
with the Eflo gene as internal control for normalisation
(Terrier et al. 2005) and non-bacterised plants grown at
26°C as the reference sample (1x expression level). For
TPPs expression analysis, transcript number was calculated
using the standard curve method and normalised with the
Eflo gene as internal control. Primers used for analysis of
WTPSI, VWTPPs and VWIRE expression are given in
Table 1.

Sequence alignment and phylogenetic tree

All protein sequences used for alignment were extracted
from the appropriate database (http://www.ncbi.nlm.nih.
gov/genbank/). Sequence alignments and phylogenetic
analysis were performed with ClustalW?2 (http://www.ebi.
ac.uk/Tools/msa/clustalw2/) with the following parameters
(tree format: phylip; excludes gaps: false; percent identity
matrix: false; distance correction: false; clustering meth-
ods: neighbour-joining). The phylogenetic tree was drawn
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Table 1 Primers used for analysis of VVTPSI, VvTPPs and VWTRE expression

Name Forward primer Reverse primer

WTPS1 5'-CCTTTGCCAAACCCAGATAA-3' 5'-CCCCTTGAGATCAAGCACAT-3'

VWIPPA 5'-GGCCCTGTCAGACACTCCAT-3’ 5'-ATTCACTCGCAGGCTGGAA-3'

WTPPB 5'-GATCCAAAATCAGCTATTGGTATGG-3' 5'-GTACCCACCCGGTACAGTCG-3’

WTPPC 5'-GCCCTTGTTGAAACCACTAGAGG-3’ 5'-CGAGGATAATCTTTGAGAACATCATG-3'
WTPPD 5'-TCTCCGGTATGCTCGAATAGGTT-3' 5'-TTCTACCACTTCTTTAAGGGCGTT-3'
WTPPE 5'-CTCGGATTTGGCAACTGTACC-3’ 5'-CCACTCTACCAAGCGTTGTAAAAAGTA-3'
WTPPF 5'-GTCCACCACACCAAGTTAAATCC-3' 5'-TTCTGGGTTTTTTCCTCCAACA-3’

WTRE 5'-TGAGGTGGATCAGAACCAACTATG-3' 5'-TTCACCGCCACCTCCAATT-3’

in a radial form using TreeView software (http://www.
taxonomy.zoology.gla.ac.uk/rod/treeview.html).

Yeast growth complementation assay

We used the yeast (Saccharomyces cerevisiae) W303-1A
wild-type strain (Mato leu2-3, 112 ura3-1 trpl-1 his3-11,15
ade2-1 canl-100 GAL SUC?2), and the tps24 deletion strain
YSH448 (W303-1A, tps24::HIS3) for the complementation
assays (Hohmann et al. 1993). All yeasts were from the
Institute of Botany, KU Leuven, Belgium, Prof. F. Rolland.
The VWTPPA sequence was amplified from cDNA syn-
thesised by reverse transcription of RNA extracted from
leaves of V. vinifera L. cv. Chardonnay clone 7535 (prim-
ers, VVIPPA-A: catgcc-ATGGATCTGAAGTCCAATCA
TTC; VVTPPA-B: tccceeggg-TAGTGCACTTG ACTTCT
TCC) and cloned in a yeast multicopy pYX212 plasmid
with an HXT7 promoter and URA3 marker. The VWTPPA
coding region was inserted without a stop codon and in
frame with a C-terminal double HA tag. As a control, the
tps2A strain was transformed with empty pYX212 vector,
or with the PYX212 vector containing the ScTPS2 gene
(Ramon et al. 2009) or the Arabidopsis thaliana AtTPPA
cDNA (AtTPPA-A: ggaagatct- ATGGACATGAAATCTG
GTCACTC; AtTPPA-B: aaggcct-ACCCATTGATCTCTT
CCAT GTCA). Yeast transformation was performed using
the one-step method as described by Chen et al. (1992). For
drop assays, cultures of the transformed #ps24 and WT
control strains were grown overnight at 28°C on SD-ura
containing 2% glucose and drop assays were performed
(spotted at an ODgqg of 1). Transformants were incubated at
28 (control) or 38.6°C and analysed after 2 days. For
Western blot analysis of the heterologous protein expres-
sion, cells of 50 ml overnight cultures were harvested and
resuspended in 500-pl ice-cold lysis buffer (1x PBS, 0.1%
Triton X-100, 10% glycerol, 2.5 mM MgCl,, | mM EDTA,
pHB8) containing protease inhibitors (Complete EDTA-free,
Roche; see Ramon et al. 2009 and Vandesteene et al. 2010
for details). Amounts of immuno-precipitated reactive
protein did not vary by more than a factor 2 between
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samples. Equal amounts of solubilised proteins were loaded
on a Mini-protean precast gel (Bio-Rad) together with the
SeeBlue pre-stained protein standard (Invitrogen) in a Tris/
glycine/SDS running buffer and analysed using immuno-
blotting. For detection of HA-tagged proteins, we used
HRP-coupled anti-HA high affinity rat antibodies (1/1,000;
Roche). Proteins indicated as full-length have about the
predicted size of full-length tagged proteins.

Analyses of trehalose and T6P
Sugar extraction

Sugars were extracted according to Lunn et al. (2006). A
20 mg of frozen powder were mixed in 2-ml tubes (pre-
cooled with liquid N,) with 350 pl of ice-cold CHCls/
CH;O0H (3:7, v/v), vigorously shaken and incubated at
—20°C for 2 h. Afterwards, 350 pl of ice-cold ultrapure
water (resistivity 18.2 MQ) were added. Samples were
vortexed and centrifuged at 14,000g for 10 min at 4°C. The
upper aqueous phase was transferred to a 2-ml screw-
capped tube and the chloroform phase was re-extracted
with 300 pl ice-cold water. The aqueous fractions were
combined and evaporated to dryness using a centrifugal
vacuum dryer and then redissolved in 350 pl ultrapure
water (resistivity 18.2 MQ). Before further analysis, large
molecular weight compounds were removed by centrifugal
filtration using a Multiscreen Ultracel-10 filter plate
(10 kDa cutoff; Millipore).

Trehalose measurement

Trehalose was measured enzymatically by fluorescence
spectrometry in a 96-well microtitre plate as described by
Mollo et al. (2011).

T6P measurement

T6P was assayed in plant extracts using a Dionex HPLC
system coupled to an AB SCIEX Q-Trap5500 apparatus
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(AB SCIEX) according to Lunn et al. (2006). Before
analysis, samples were diluted 40 times with ultrapure
water and spiked with a deuterated-T6P standard Lunn
et al. (20006).

Statistical analyses

All the results were replicated in three independent
experiments. Figures display the means of three biological
replicates =SD. Student’s ¢ test and Tukey’s test were
performed using Kyplot 2.0 software (http://www.kyen
slab.com/en/products/kyplot.html). Differences at P < 0.05
were considered significant.

Results

Analysis of trehalose-related genes in grapevine
Grapevine TPS, TPP and TRE genes were identified by
sequence similarity-based searches of the V. vinifera L.

genome database: (http://www.ncbi.nlm.nih.gov/sites/entrez?
db=bioprojectcmd=Retrieve&dopt=Overview&list_uids=12992).

Table 2 Trehalose-related genes in Vitis vinifera L

The deduced protein sequences were compared with those of the
various isoforms from other plant species, to identify which of the
grapevine genes are likely to encode catalytically active enzymes of
trehalose metabolism.

TPS genes

Grapevine TPS genes were identified by searching the
database using the TBLASTN algorithm with AtTPS1 as a
query sequence. AtTPS1 is the only TPS isoform in A.
thaliana with demonstrated TPS activity (Blazquez et al.
1998; Vandesteene et al. 2010). Seven TPS genes were
found in the V. vinifera L. genome (Table 2). All of the
deduced protein sequences contain the typical glycosyl-
transferase domain found in TPS enzymes (cd03788;
Fig. 1). Like their A. thaliana counterparts, the C-terminal
region of these V. vinifera TPS proteins contained a TPP-
like domain (pfam02358; Fig. 1).

Phylogenetic analysis showed that only one V. vinifera
L. TPS (VvTPS1) clustered with class I TPS protein from
A. thaliana and particularly AtTPS1, the active TPS iso-
form in A. thaliana (Fig. S1; Vandesteene et al. 2010).

Name Accession number

Gene Protein

Protein length (aa number)

Percentage similarity with AtTPS1 (%)

Trehalose phosphate synthase (TPS)

WITPS1 XM_002285596.1 XP_002285632.1 927 86
WTPS2 XM_002284936.1 XP_002284972.1 854 54
WTPS3 XM_002277467.1 XP_002277503.1 840 55
WTPS4 XM_002268138.1 XP_002268174.1 853 55
WTPSS5 XM_002264837.1 XP_002264873.1 860 54
WTPS6 XM_002283179.1 XP_002283215.1 862 54
WTPS7 XM_002281350.1 XP_002281386.1 705 56
Percentage similarity with closest
A. thaliana TPP homologues
Trehalose phosphate phosphatase (TPP)
WTPPA XM_002265643.1 XP_002265679.1 385 82
WTPPB XM_002284165.1 XP_002284201.1 375 81
WTPPC XM_002264435.1 XP_002264471.1 382 78
WTPPD XM_002277126.1 XP_002277162.1 310 61
WTPPE XM_002263042.1 XP_002263078.1 365 78
WTPPF XM_002267971.1 XP_002268007.1 413 61
Percentage similarity with AtTRE
Trehalase
WTRE XM_002263662.1 XP_002263698.1 565 76
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VvTPS5
VvTPS6
VVTPS2
VvTPS3
VvTPS4
VvTPST
VvTPS1
ALTPS1

VVTPS5
VVTPS6
VVTPS2
VvTPS3
VvTPS4
VvTPS7
VvTPS1
AtTPS1
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Fig. 1 Alignment of V. vinifera L. TPS and A. thaliana AtTPS1 acids that are predicted to be important for substrate binding
protein sequences. The TPS domain is underlined in blue and TPP (according to Lunn 2007; Vandesteene et al. 2010) in catalytically
domain in green. Amino acid residues that are similar in all sequences active TPS enzymes, and all of these residues are perfectly conserved
are shaded in grey, while letters representing those that are identical in both AtTPS1 and VvTPSI

in VVTPSI and AtTPSI1 are in red. The black arrows mark amino

Furthermore, VVTPS1 showed much greater similarity to ~ TPP genes

AtTPS1 (86%, Table 2; Fig. 1) than did the VvTPS2-7

proteins (54-56%). VVTPSI also contained an N-terminal ~ Using a similar approach, six TPP genes were identified in
extension that is characteristic of the catalytically active  the V. vinifera L. genome (Table 2). The encoded proteins
TPSs, such as AtTPS1 (Fig. 1), OsTPS1 and SITPS1 (Fig.  exhibit at least 60% of similarity with their respective
S2; van Dijck et al. 2002; Li et al. 2011) and absent in closest A. thaliana homologues (Table 2). Each of them
VvTPS2-7 (Fig. 1). Finally, all of the residues predicted to contained a putative TPP domain (pfam02358) and the
be involved in substrate (G6P and UDPG) binding and  three typical amino acid motifs of the 1-2-haloacid dehal-
catalysis in AtTPS1, OsTPS1 and SITPS1, based on the  ogenase (HAD) superfamily of enzymes (Lunn 2007).
crystal structure of the Escherichia coli TPS (otsA; Lunn  Recent evidence suggests that all 10 of the T7PP genes in A.
2007; Vandesteene et al. 2010), are conserved in VVTPS1 thaliana encode active enzymes (Vandesteene 2009).
(Fig. 1, S2). Based on these observations, it was concluded  Alignment with Thermoplasma acidophilum TPP (TaTPP),
that VwTPSI is the only gene encoding an active TPS  whose crystal structure has been resolved (Rao et al. 2000),
enzyme in grapevine. Phylogenetic analysis also revealed  revealed that residues involved in binding the trehalose
that the six other TPS (VWTPS2-7) clustered with the so-  moiety of T6P were conserved in all grapevine TPP iso-
called class II TPS protein from plants (Fig. S1), whose  forms, apart for the conservative substitution of Lys to Arg
function is still unknown (Lunn 2007; Vandesteene et al. in four isoforms (VvIPPA, VvTPPB, VVvTPPC and

2010).

VVTPPE; Fig. S3), which is commonly observed in TPP
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Fig. 2 Relative transcript accumulation of VvTPPs in chilled plant
organs. Relative transcript accumulation was calculated using the
comparative Ct method (AACt) with the Eflo gene as internal control
for normalisation. The results represent the mean fold increase (£SD)
of mRNA level of three independent experiments over non-bacterised
plants grown at 26°C as the reference sample (referred as 1x
expression level). Plants were exposed to chilling during 9 h, a time
point when all VwTPPs gene induction peaked. n.a. not applicable

enzymes from plants, including several isoforms from
A. thaliana that are known to be catalytically active (Lunn
2007). This suggests that all six of the grapevine TPP genes
encode active enzymes. Therefore, we decided to analyse
relative transcript level of all isoforms in grapevine organs
by RT-qPCR (Fig. S4). Three isoforms were poorly
expressed both in non-chilled and chilled plants: VWTPPF
could not be detected in any grapevine organs (Fig. S4)
WTPPC and WTPPD were only detected in leaves and
stems, respectively, but at a very low level (Fig. S4).
Concerning the three other isoforms, VwTPPB, VvTPPE
and VWWTPPA mRNAs were the most abundant, respec-
tively, in roots, stems and leaves, both in non-chilled and
chilled plants (Fig. S4), but VWTPPA expression was the
most induced in chilled plants in the three organs (Fig. 2).
WTPPE induction by chilling was similar when compared
with VwTPPA but VwTPPB expression was poorly modified
(Fig. 2). Furthermore, VWTPPA was the principal TPP
isoform in leaves (Fig. S4), which account for the majority
of the tissue in the in vitro grapevine plants (>60%;
O. Fernandez, unpublished results). Consequently, we
decide to focus on VWTPPA for detailed study as this was
the most highly expressed TPP gene in grapevine and
showed a strong response to chilling, making it a good
marker for the effects of chilling on TPP activity.

TRE gene
Only one TRE gene sharing significant similarity with

known plant TRE genes was identified in the V. vinifera L.
genome, indicating that there is a single isoform of

trehalase in grapevine (Table 2). Primers were designed for
analysis of VWTRE expression by qRT-PCR.

WTPPA encodes a functional trehalose phosphate
phosphatase

The VWTPPA gene was the most widely expressed TPP
gene in leaves and the most induced upon chilling in
grapevine (Fig. 2), therefore, it was of interest to test if this
gene encodes a catalytically active TPP enzyme. Using the
1,618-bp full-length cDNA sequence of VwTPPA from
V. vinifera L. cv. Pinot Noir (XM_002265643.1) available
in database, flanking primers were designed to amplify the
1,158-bp ORF of the VWTPPA gene from V. vinifera L. cv.
Chardonnay by PCR. The resulting amplicon was purified
and sequenced. Alignment revealed that the cv. Chardon-
nay sequence (Fig. S5) shared 99.4% identity with the cv.
Pinot Noir sequence (XM_002265643.1), with only five
differences in the nucleic acid sequence (Fig. S5). Similar
differences from the XM_002265643.1 sequence were
found in several VvTPPA ESTs from cv. Cabernet Sauvi-
gnon, only one of which leads to a change in the amino
acid sequence; namely, the conservative substitution of Leu
310 (CTT) for Val 310 (GTT) within the TPP domain
(Fig. S5).

A yeast complementation assay was used to test whether
the VWTPPA coding sequence from cv. Chardonnay
encodes a functional TPP enzyme. The VwTPPA PCR
product was cloned into a yeast expression vector and
introduced into a tps24 yeast mutant, a TPP knock-out
yeast mutant unable to grow at high temperature (Fig. 3).
All transformants were able to growth at non-stringent
temperature of 28°C (Fig. 3). In contrast to tps24 trans-
formed with the empty vector, the tps24 transformed with
VWTPPA was able to grow at a high temperature of 38.6°C,
like the positive controls, WT and AfTPPA-transformed
yeasts (Fig. 3). This yeast growth complementation assay
demonstrates that VvVTPPA displays heterologous TPP
activity. Therefore, any changes in VvTPPA transcript
abundance that are translated into changes in the amount of
VVTPPA protein will alter the TPP activity in the plant.

Fluctuations of trehalose metabolism following chilling
in grapevine tissues

To follow the response of trehalose metabolism upon
chilling, we performed gRT-PCR analysis to determine
changes in the expression of the VvTPSI and VvTRE genes,
which are likely to encode the only catalytically active TPS
and trehalase enzymes in grapevine, and the VvTPPA gene,
which was shown to encode a functional TPP enzyme, and
is the most widely expressed TPP isoform in this species
(Fig. 4). To complement this expression analysis, the T6P
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Fig. 3 WTPPA displays heterologous TPP activity. a Heterologous
expression of VWTPPA leads to the complementation of the yeast
tps2A heat sensitivity at 38.6°C. ScTPS2- and AtTPPA-transformed
tps2A strains were added as positive controls; empty vector-
transformed fps2A as negative control. b To exclude complications
with growth phase differences, quantitative spot assay was performed
with overnight grown samples, diluted to and spotted with ODgggl.
Western blot analysis was performed to confirm the expression of the
HA-tagged proteins. Asterisks indicate the full-length tagged protein,
based on the predicted mass and based on the pre-stained protein
standard

and trehalose contents of roots, stems and leaves were
measured (Fig. 5).

Trehalose-related gene expression in grapevine organs
No change in the expression level of VWTPSI was detected
in grapevine organs upon chilling stress (Fig. 4a). In con-

trast, a substantial increase in the abundance of the
WWTPPA transcript was detected in roots, stems and leaves

@ Springer

within 6 h of chilling treatment. The expression of VvTPPA
reached a maximum in roots and stems after 9 h (6- and
9-fold higher than non-chilled controls, respectively,
Fig. 4b), falling back after 24 h. In leaves, induction was
lower (maximum 3-fold) but constant during the first 24 h
(Fig. 4b). Interestingly, the VWTRE transcripts showed an
opposite response in leaves, with a transient down-regula-
tion during the first 9 h (Fig. 4c), but no change in roots
and stems (data not shown).

TO6P and trehalose accumulation

Roots, stems and leaves from non-stressed plants contained
very low amounts of T6P: 0.2, 0.2 and 0.4 nmol g_1 FWw,
respectively (Fig. 5a—c). In roots and stems, a significant
increase in TO6P was detected after 48 h at 4°C (Fig. 5a, b).
T6P also increased in leaves, but even more quickly, with a
more than twofold increase within 24 h after chilling
exposure (Fig. 5¢). In all organs, T6P concentration
attained a maximum after 72 h chilling, reaching 0.5, 0.8
and 1.9 nmol g~' FW in roots, stems and leaves, respec-
tively. Since the earliest and strongest increases in T6P
were detected in leaves, T6P was also measured in leaf
samples from plants exposed to shorter periods of chilling.
After 3 and 9 h of chilling exposure, the level of T6P in the
leaves had reached 0.6 + 0.05 and 1.2 & 0.09 nmol g’
FW, respectively (i.e. 1.5- and 3-fold higher than in control
leaves). Interestingly, the levels of T6P were highly cor-
related with those of sucrose in both chilled and non-
chilled plants (Fig. S6).

Trehalose could not be detected in roots of either control
or chilling treated plants, most likely because concentra-
tions were below the detection limit (0.5 nmol g_1 FW),
rather than due to interference with the trehalose assay by
something in the root extract, because we were able to
detect trehalose in roots of bacterised plants (see below). In
stems and leaves of non-chilled plants, the level of treha-
lose was 10 times higher than that of T6P (Fig. 5d, e). The
trehalose content of the stems was the same in both chilled
and control plants (Fig. 5d), but increased 2.5-fold in
leaves after 72 h at 4°C (Fig. Se).

Fluctuations of trehalose metabolism in chilled plants
when bacterised with B. phytofirmans strain PsJN

Trehalose-related gene expression

Bacterisation with B. phytofirmans leads to improved
chilling tolerance in grapevine. We investigated the pos-
sibility that this bacteria induced chilling tolerance might
be linked to changes in trehalose metabolism in the plants
by analysing the expression of the VvTPSI, VvTPPA and
WTRE genes in bacterised plants upon chilling. No
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Fig. 4 Expression of V. vinifera L. trehalose-related genes upon
chilling (4°C). Levels of WTPSI (a, d), VWTPPA (b, e), WIRE
(c, f) transcripts were measured by gRT-PCR in roots (open square),
stems (filled square), and leaves (filled square) of grapevine plants

differences in the levels of expression of these genes were
detected in bacterised versus non-bacterised plants at
4 weeks after inoculation (data not shown). As observed
previously for non-bacterised plants (Fig. 4a), chilling
exposure did not modify expression of VWTPSI (Fig. 4d)
but did lead to up-regulation of WWIPPA (Fig. 4e),
although the increase was delayed compare to non-bac-
terised plants (Fig. 4b, e). In contrast, VWTRE showed the
opposite response to chilling in bacterised plants as com-
pared to non-bacterised plants, being twofold up-regulated
in the former, but repressed in the latter (Fig. 4c, f).

T6P and trehalose accumulation
T6P and trehalose were measured in bacterised plants 24

and 120 h after chilling exposure, when differences in
these metabolites were clearly noticeable in non-bacterised

non-bacterised (a—c) or bacterised (d—f). The results represent the
mean fold increase (SD) of mRNA level over non-bacterised plants
grown at 26°C (referred as 1 x expression level) of three independents
experiments

plants, especially in leaves. Before chilling exposure, the
amounts of T6P were similar in roots from both bacterised
and non-bacterised plants (Fig. 6a), whereas higher levels
of T6P were detected in both stems and leaves of bacterised
plants as compared to the non-bacterised controls (Fig. 6b,
c). Interestingly, leaves of bacterised plants that had not
been exposed to chilling had a similar T6P content to those
from non-bacterised plants treated at 4°C for 24 h
(Fig. 6a). After 120 h of chilling, T6P increased in
roots, stems and leaves of bacterised plants, reaching
similar levels to those observed in non-bacterised plants
(Fig. 6a—c).

In roots of bacterised plants, whether chilled or not, we
detected more than 90 nmol g~' FW of trehalose (Fig. 6d),
but we were unable to detect trehalose in the corresponding
stem samples (Fig. 6e). Leaves of bacterised plants that
had not been exposed to chilling had more than twice the

@ Springer



Planta (2012) 236:355-369

364
17aRoots
S . {OControl (2§3°C) *
o M Chilled (4°C) x
"o 06
g *
£ 041
S 02
R |
0 : : : :
0 24 48 72 120
1.5
. b Stems x
; *
s
- 14
D
©
€
£ 051 *
o
o
N IR |
0 . . : :
0 24 48 72 120
3 -
. C Leaves
= - *
[
T 24
O') *
©
E *
- !_I
o
©
SinENs s NE B
0 24 48 72 120

15

=3 d Stems
(T
o
< 101
S
£
3 5
o
®©
Ny
o nd
F o . . : :
0 24 48 72 120
— 15 7 * *
= € Leaves
e
o
< 104
IS
£
2
3 °7
©
<
o
F oo .
0 24 48 72 120

Time after chilling exposure (h)

Fig. 5 TO6P and trehalose accumulation in V. vinifera L. plants upon
chilling (4°C). T6P content was measured by LC-MS/MS in roots (a),
stems (b) and leaves (c). Trehalose content was measured by
fluorimetry in stems (d) and leaves (e). Roots trehalose levels were
below detection limit. Both metabolites were quantified in non-chilled

amount of trehalose than leaves of non-bacterised plants
maintained at 26°C (Fig. 6f). Upon chilling, the level of
trehalose fell by half in leaves of bacterised plants after
24 h at 4°C, and then increased again after 120 h of
chilling exposure, reaching similar values to those
observed in leaves of non-bacterised plants after the same
cold treatment (Fig. 6f).

Discussion

Transcriptional regulation of trehalose metabolism
in grapevine in response to chilling

As expected from previous surveys of trehalose-related
genes in plants (Leyman et al. 2001; Avonce et al. 2006;

@ Springer

control plants (open square) and chilled plants (filled square). Values
are mean £ SD of samples from three independent experiments.
Asterisks indicate significant difference (P < 0.05). n.d. not deter-
mined due to excessive background fluorescence in the trehalose
assay

Lunn 2007), the genome of V. vinifera L. contains multiple
TPS and TPP genes. However, with only seven TPS and six
TPP genes, these gene families are somewhat smaller than
those found in other species, such as A. thaliana (11 TPS/
10 TPP), rice (Oryza sativa; 10/11) and Populus tricho-
carpa (12/10; Lunn 2007). The profusion of TPS and TPP
genes in these plants is thought to have originated from
several duplication events, including relatively recent
whole genome duplications (Lunn 2007; Paul et al. 2008),
but the genome of V. vinifera L. shows no evidence of a
recent duplication (Jaillon et al. 2007), which may account
for the smaller number of TPS and TPP genes in this
species. V. vinifera L. contains a single TRE gene, like
many other diploid angiosperms, with a few exceptions,
such as P. trichocarpus which has three TRE genes (Lunn
2007). The number of TPS and TPP genes in the grapevine
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Fig. 6 T6P and trehalose accumulation in V. vinifera L. plants
bacterised with B. phytofirmans strain PsJN upon chilling (4°C). T6P
content was measured by LC-MS/MS in roots (a), stems (b) and
leaves (c). Trehalose content was measured by fluorimetry in roots
(d), stems (e) and leaves (f). Both metabolites were quantified in non-

genome is subject to upward revision as remaining gaps in
the sequence are filled and the assembly and annotation of
the genome sequence is updated.

No evidence was found for transcriptional regulation of
WTPSI in response to chilling. An in silico analysis per-
formed by Iordachescu and Imai (2008) revealed similar
results for the A. thaliana orthologue AtTPSI. In agreement
with our findings, it was recently demonstrated that the rice
orthologue, OsTPS1, is also not induced by cold (Li et al.
2011). The fact that T6P accumulated in grapevine upon
exposure to chilling, whereas the VvTPSI transcript level
remain unchanged suggests that the rise in T6P was not
brought about by transcriptional regulation of VvTPS].

Chilled plants are characterised by a global rise in TPP
relative transcript number in all plant organs (Fig. 2). As a
good marker of this rise in TPP transcript level, VWTPPA
was induced in all parts of the plant by chilling stress, but

bacterised (open square) and bacterised plants (filled square). Values
are mean = SD of samples from three independent experiments.
Asterisks indicate significant difference (P < 0.05). n.d. not deter-
mined due to excessive background fluorescence in the trehalose
assay, b.d. below detection limit

to varying degrees in different organs. TPP genes are
known to be induced in plants by several abiotic stresses,
such as cold, heat, salt and osmotic stress (Iordachescu and
Imai 2008). In rice, two VvTPPA homologues, OsTPPI and
OsTPP2, are transiently induced upon chilling (Pramanik
and Imai 2005). In A. thaliana, both AtTPPA and AtTPPD
are cold inducible (Iordachescu and Imai 2008).

The induction of VvTPPA by chilling was higher in roots
and stems than in leaves. Differential responses of TPP
genes to abiotic stresses have previously been reported in
maize, with drought leading to induction of 7PP expression
in ears but repression in tassels (Zhuang et al. 2007). An
intriguing finding in grapevine was the strong induction of
WTPPA (Figs. 2, 4) together with a similarly strong
induction of VWWTPPE transcripts in stems (Fig. 2), where
no trehalose accumulation was detected. Assuming that
induction of these two isoforms transcript abundance in
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stems gave rise to higher TPP activity and increased syn-
thesis of trehalose, the lack of accumulation of this sugar in
stems might be explained by export to other parts of the
plant via the phloem, or by trehalase-mediated hydrolysis
of the trehalose into glucose.

VWTPPA (as well as other TPPs transcripts) and VvTRE
transcript variations could account for the chilling induced
accumulation of trehalose in leaves. Chilling treatment led
to a moderate, but sustained induction of VvTPPA in
leaves, whereas VVTRE expression was transiently down-
regulated. Both of these responses are consistent with the
observed accumulation of trehalose in the leaves, sug-
gesting that this response is brought about by transcript
level regulation. To our knowledge, there are no previous
reports of a TRE gene expression being regulated by cold.
However, the MtTRE gene from Medicago truncatula was
found to be down-regulated upon salt stress (Lopez et al.
2008).

T6P and trehalose concentrations in non-chilled plants

T6P levels were slightly higher in leaves from non-chilled
grapevine plants than in leaves of soil-grown A. thaliana
plants (Lunn et al. 2006). The grapevine plants were grown
on sucrose-containing media, which might account for their
higher T6P, as it has previously been reported that exog-
enous supply of sucrose to A. thaliana seedlings dramati-
cally increased the level of T6P (Lunn et al. 2006). In
contrast, trehalose levels in non-chilled grapevine samples
were somewhat lower than those previously measured in
A. thaliana (Avonce et al. 2004; Miranda et al. 2007,
Veyres et al. 2008). The latter measurements were made
using HPLC-based methods, which are susceptible to over-
estimation of trehalose if other sugars are not fully resolved
from trehalose during the chromatographic separation,
whereas the fluorimetric assay we used to measure treha-
lose enzymatically is very specific. This difference is
illustrated by comparison of the trehalose content of
A. thaliana plants (grown at 20°C), which were found to be
in the range of 6-9 nmol g~' FW using the fluorimetric
assay, but more than 30 nmol g~' FW using high pressure
anion exchange chromatography with pulsed amperometric
detection (R. Feil, unpublished data).

The potential role of T6P as a signal molecule
in the response to chilling

It has been postulated that T6P acts as a signal metabolite in
plants, responding in particular to changes in sucrose con-
tent (Lunn et al. 2006). The levels of T6P in roots, stems and
leaves of grapevine were all increased in response to
chilling, changing more consistently, and more rapidly than
trehalose. The response was particularly rapid in leaves,
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where T6P was found to have increased within 3 h of
exposure to chilling. We observed a strong correlation
between T6P and sucrose content in all plant organs from
both chilled and non-chilled control plants (Fig. S6). This
suggests that the rise in T6P levels in plants exposed to
chilling might be due to cold induced accumulation of
sucrose, although a direct, sucrose-independent response of
T6P to the cold treatment cannot be excluded. Irrespective
of the mechanism behind the rise in TOP, it is likely that this
signal metabolite will affect its downstream targets. For
example, high T6P is likely to inhibit the SnRK1 protein
kinase, leading to multiple effects on transcription, protein
synthesis and enzymatic activities. Although the physio-
logical significance of the cold induced increase in TOP is
uncertain, it seems reasonable to conclude that this signal
metabolite could play some part in the plant’s response to
chilling, although its exact function is uncertain.

The role of trehalose during chilling in grapevine
remains unclear with a substantial increase in trehalose
content being observed only in leaves upon exposure to
chilling. Even in cold-treated plants, the total amount of
trehalose was low (<15 nmol g~' FW), indicating that the
intracellular concentration of trehalose would be too low
to make a major contribution to overall osmoregulation
(Gibon et al. 1997). However, almost nothing is known
about the subcellular distribution of trehalose in plants, so
we cannot exclude the possibility that trehalose is local-
ised within a specific organelle or subcellular compart-
ment, and acts as a compatible osmolyte within that part
of the cell (Fernandez et al. 2010). The observation that
chloroplast specific over-expression of enzymes for tre-
halose synthesis in tobacco led to improved drought tol-
erance supports this hypothesis (Karim et al. 2007).
Localised high concentrations of trehalose might also act
to protect membranes from the effects of cold induced
dehydration (Crowe 2007; Ruelland et al. 2009) or oxi-
dative damage as reported in wheat exposed to heat stress
(Luo et al. 2008). Trehalose accumulation was restricted
to the leaves and only occurred after 72 h of cold expo-
sure, which was much later than the increase in T6P,
which argues against trehalose having a general signalling
function during the chilling response.

T6P and trehalose might participate in chilling
resistance induced by B. phytofirmans strain PsJN

The rhizobacterium B. phytofirmans has been shown to
induce chilling resistance in grapevine (Ait Barka et al.
2006). It has also been reported that association with both
symbiotic and pathogenic bacteria can influence trehalose
metabolism in plants (Brodmann et al. 2002; Streeter and
Gomez 2006; Lopez et al. 2007; Gravot et al. 2011).
Therefore, we were interested to know whether
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B. phytofirmans might also be affecting trehalose metabo-
lism, and thereby cold tolerance, in grapevine.

Bacterisation with B. phytofirmans was found to modify
the expression of VWTRE upon chilling. Before chilling
stress the expression levels of trehalose-related genes were
similar in both bacterised and non-bacterised plants. After
chilling exposure, both VWTPSI and VvTPPA exhibited
qualitatively similar responses in bacterised and non-bac-
terised plants. In marked contrast, expression of VWTRE
was slightly up-regulated in the leaves of bacterised plants
but clearly down-regulated in non-bacterised ones (Fig. 4c,
f). Increased expression of VWTRE might be expected to
increase trehalase activity in the leaves of bacterised plants,
which would be entirely consistent with the transient
reduction in trehalose content observed in these leaves after
24 h of chilling exposure (Fig. 6f).

B. phytofirmans also stimulated plant T6P synthesis. In
non-chilled plants maintained at 26°C, no difference in T6P
content was detected in root tissues from bacterised plants
as compared to non-bacterised ones. It has been shown that
the endophytic bacterium B. phytofirmans establishes large
populations within the roots of grapevine when growing in
association with this species (Compant et al. 2005) and we
measured amount of trehalose higher than 90 nmol g~' FW
in roots of bacterised plants and such a high level of tre-
halose is unlikely to be of plant origin. Our finding that T6P
levels in roots were unchanged by bacterisation suggest that
the B. phytofirmans cells contribute very little to the overall
amount of T6P detected in bacterised plants, and that
association with this bacterium does not lead to accumu-
lation of T6P by the root cells. However, accumulation of
T6P was observed in both stems and leaves of bacterised
plants before chilling, indicating a stimulation of T6P
synthesis or inhibition of T6P degradation caused by the
bacterial association. This increase in T6P might be linked
to the increase in total soluble sugars, especially sucrose
that has been reported to occur upon bacterisation (Ait
Barka et al. 2006). Supporting this assertion, a positive
correlation between TOP and sucrose concentrations in
bacterised plants has been found (Fig. S6d).

Association with B. phytofirmans did not compromise
the further increase in T6P content induced by chilling,
with T6P reaching similar levels in both bacterised and
non-bacterised plants after 120 h exposure to chilling
(4°C). Furthermore, T6P concentrations in non-chilled
bacterised plants were similar to those of non-bacterised
ones after 24 h at 4°C (Fig. 6a—c). Altogether, these
observations suggest that any influence of B. phytofirmans
on T6P content depends on its effect on the plants before
exposure to chilling.

B. phytofirmans modified the trehalose content of both
roots and leaves, which were higher in bacterised plants
than in non-bacterised plants that had not been exposed to

chilling. Accumulation of trehalose in plants associated
with beneficial micro-organisms has been documented
especially in rhizobial nodules (Farias-Rodriguez et al.
1998; Streeter and Gomez 2006) as well as in roots asso-
ciated with ectomycorrhizae (Lopez et al. 2007), and has
been correlated with drought resistance (Farias-Rodriguez
et al. 1998). The trehalose accumulated in the roots of
bacterised grapevine plants is probably of bacterial origin
since the bacterial population is high in roots and closely
associated with the grapevine cells (Compant et al. 2005;
Bordiec et al. 2010). In contrast, the leaves are poorly
colonised by the bacteria; hence, trehalose accumulation in
leaves of bacterised plants is more likely to result from
stimulation of trehalose metabolism, which is consistent
with the higher T6P concentration in these leaves. There-
fore, stimulation of trehalose metabolism may represent a
part of the mechanism by which B. phytofirmans strain
PsJN confers chilling tolerance to grapevine.

Upon chilling, we observed a transient fall in the tre-
halose content of leaves from bacterised plants after 24 h at
4°C, followed later by a recovery after 120 h trehalose to
levels seen in leaves of non-bacterised plants. These data
suggest that the transient reduction in trehalose content,
together with up-regulation of the expression of VWTRE,
might be an induced response in plants to avoid interfer-
ence with T6P/trehalose signalling as it was recently pro-
posed (Brodmann et al. 2002; Gravot et al. 2011).

In this paper, we present the first set of data showing
significant fluctuations in trehalose metabolism of grape-
vine during cold stress. Variations in trehalose and T6P
content, as well as related gene regulation are organ
dependent whether they occur in plants colonised with a
PGPR or not. In non-bacterised plants, our results are
consistent with a role for T6P as a signal molecule in the
response to chilling stress, possibly linked to changes in
sucrose concentration (Lunn et al. 2006). Nevertheless,
since TO6P and trehalose accumulation are induced in
chilling-tolerant bacterised plants, we cannot rule out a
participation of both metabolites in triggered cold tolerance.
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