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Plants have the largest number of small heat shock proteins (sHsps) (15–42
kDa) among eukaryotes, but little is known about their function in vivo.
They accumulate in response to different stresses, and specific sHsps are
also expressed during developmental processes such as seed development,
germination, and ripening. The presence of organelle-specific sHsps appears
to be unique to plants. The sHsps expression is regulated by heat stress
transcription factors (Hsfs). In this work, it was explored the role of sHsps
in the chilling injury of tomato fruit. The level of transcripts and proteins of
cytoplasmic and organellar sHsps was monitored in fruit during ripening and
after cold storage (4 weeks at 4∘C). Expression of HsfA1, HsfA2, HsfA3, and
HsfB1 was also examined. Two cultivars of tomato (Solanum lycopersicum)
contrasting in chilling tolerance were assayed: Micro-Tom (chilling-tolerant)
and Minitomato (chilling-sensitive). Results showed that sHsps were induced
during ripening in fruit from both cultivars. However, sHsps were induced in
Micro-Tom fruit but not in Minitomato fruit after storage at a low temperature.
In particular, sHsp 17.4-CII and sHsp23.8-M transcripts strongly accumulated
in Micro-Tom fruit and HsfA3 transcript diminished after cold storage. These
data suggest that sHsps may be involved in the protection mechanisms against
chilling stress and substantiate the hypothesis that sHsps may participate in the
mechanism of tomato genotype chilling tolerance.

Introduction

Tomato is one of the most important cultivated plants in
the world. To extend the commercialization period, it is
stored at low temperatures after harvest. However, the
production yield and the fruit quality can be severely
impaired by chilling. Chilling injury is a physiological
alteration that becomes evident when the fruit is taken off
from the fridge and reaches the consumers. The molec-
ular basis of chilling injury and the signal transduction
networks of the chilling response are poorly understood
(Sapitnitskaya et al. 2006, Pedreschi and Lurie 2015).

Abbreviations – BCIP, 5-bromo-4-chloro-3-indolyl phosphate; Hsfs, heat stress transcription factors; NBT, nitro blue tetra-
zolium; sHsps, small heat shock proteins.

In addition, the diversity of chilling injury symptoms
of tropical and subtropical fruits and vegetables sug-
gests a multitude of responses to low temperature (Wang
2010). Membrane fluidity and permeability at low tem-
perature (Nishida and Murata 1996), alteration in the
cell-wall metabolism (Brummell et al. 2004), and oxida-
tive stress (Malacrida et al. 2006) have been related to the
chilling injury. Moreover, there is evidence of the exis-
tence of genetic variability in low-temperature sensitivity
within Solanum species such as potato (Palta et al. 1993)
and tomato (Gonzalez et al. 2015). Several reports have
suggested that various genes related to different stress
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responses, including small heat shock protein (sHsp)
genes, may have a role in the acquirement of chill-
ing tolerance. For instance, it has been shown that fruit
pre-storage treatments with jasmonate, salicylate (Ding
et al. 2002), or heat shock (Polenta et al. 2007, Sevillano
et al. 2010) induced sHsp synthesis and reduced chilling
injury.

The sHsps are synthesized in response to high tem-
perature and other stresses in the vegetative tissues of
plants (Larkindale et al. 2005, Scarpeci et al. 2008). The
sHsps can also be induced at a particular time during
specific stages in plant life cycle such as embryogene-
sis (Almoguera et al. 1998), germination (Wehmeyer and
Vierling 2000), anther and pollen development (Volkov
et al. 2005, Giorno et al. 2010), and fruit development
and ripening (Medina-Escobar et al. 1998, Neta-Sharir
et al. 2005). The sHsps form large oligomers, ranging
in size from 200 to 800 kDa, exhibiting a monomeric
molecular mass of 12 to 42 kDa. Plant sHsps are encoded
by nuclear multigene families and have been localized
in the cytoplasm, nucleus, endoplasmic reticulum, mito-
chondria, chloroplasts and peroxisome (Waters 2013).
Angiosperm sHsps have been classified in at least 11
subfamilies (Bondino et al. 2012, Waters 2013, Haslbeck
and Vierling 2015). The mechanism of cell protection
by sHsps is not clear, but it is well known that some
sHsps act as molecular chaperones in vitro and in vivo
(Sun et al. 2002), they do not require ATP, and they have
a high capacity for binding denaturing proteins (Basha
et al. 2012). Also, it has been reported that the associa-
tion between sHsps and membranes may preserve mem-
brane integrity during thermal fluctuations (Tsvetkova
et al. 2002). Chilling-induced sHsp synthesis has been
observed in cold-stored potato (Solanum tuberosum)
(van Berkel et al. 1994). Also, winter-specific accumula-
tion of sHsps associated with seasonal cold acclimation
in perennial plants has been reported (Lubaretz and Zur
2002, Lopez-Matas et al. 2004).

The accumulation of sHsps is regulated by the large
family of the heat stress transcription factors (Hsfs). The
Hsfs bind to the heat shock elements present in the
promoters of sHsps, and activate the transcription of
sHsps and other heat stress genes (Kotak et al. 2007,
von Koskull-Doring et al. 2007). In tomato (Solanum
lycopersicum), Hsfs form part of a regulatory network
that controls the expression of sHsps and other heat
shock responsive genes (Schramm et al. 2008).

The role of sHsps during tomato fruit ripening and
postharvesting is still unclear. Neta-Sharir et al. (2005)
showed that the chloroplastic sHsp 21-P participates
in the carotenoid accumulation while the fruit ripens.
Also, the cytosolic sHsp 17.7-CI and sHsp 17.3-CIII
transcripts were found in green and red fruits of tomato

cv. Harzfeuer, while the proteins were only present in the
red fruit (Low et al. 2000). In response to cold storage,
Page et al. (2010) reported the increase of four sHsps,
in tomato fruits from the more tolerant genotype while
Sanchez-Bel et al. (2012) reported the up-regulation of
two sHsps as the first response of tomato fruit to cope
with cold stress. In another report, Ramakrishna et al.
(2003) characterized a sHsp gene, viscosity 1 (vis1), from
tomato providing evidence that high temperature and
fruit ripening regulates vis1 production. More recently,
Cruz-Mendívil et al. (2015) reported different changes in
the expression of sHsps after hot treatment followed by
cold storage of tomato fruit using RNA-Seq analysis.

Elucidating the molecular mechanisms of chilling tol-
erance is critical for maintaining fruit quality and dimin-
ishing the postharvest loss. To gain more insight into the
molecular mechanisms involved in chilling tolerance, an
investigation on the sHsps and Hsfs expression in tomato
fruit while ripening on the vine, off the vine, and after
cold storage was performed. A comparative approach
was used employing two tomato varieties with contrast-
ing postharvest chilling tolerance (Gonzalez et al. 2015):
cv. Micro-Tom that is a model system to study postharvest
chilling tolerance and cv. Minitomato that is susceptible
to chilling injury.

Materials and methods

Plant material and treatments

Tomato (S. lycopersicum) plants (cvs. Micro-Tom and
Minitomato) were grown in a controlled environment
cabinet under a light intensity of 400 μmol s−1 m−2 at the
top of the plants containing the fruit. The temperature
ranged from 25∘C during the light period (14 h) to 18∘C in
the dark, and the relative humidity was 70%. Plants were
grown in soil, maintained under optimal irrigation, and
supplied weekly with half-strength Hoagland solution
(Malacrida et al. 2006).

Fruit ripening occurred in three different conditions:
on the vine (fruits were allowed to ripen naturally on the
plant), off the vine (fruits were picked at the mature green
stage and directly placed on a shelf in the growing cab-
inet), and prechilled (fruits were harvested at the mature
green stage, stored for 4 weeks at 4∘C, and then trans-
ferred back to the growing cabinet). Fruits were collected
at the mature green (G), yellow (Y), orange (O), and red
(R) stages (Gonzalez et al. 2015). Gch corresponds to
green fruit conserved for 4 weeks at 4∘C. Gch+n corre-
sponds to green fruit conserved for 4 weeks at 4∘C and
transferred during n days to 25∘C. Goff+n corresponds to
green fruit picked at the mature green stage and placed
on the shelf at 25∘C during n days. Each sample con-
sists of four fruits of the same maturation stage and/or

Physiol. Plant. 2016



treatment. Three replicates of each experiment were per-
formed. Fruits between 2 and 3 g weight were selected
and harvested 4 h after the light period began. Pericarp
tissue of the harvested fruits was obtained by remov-
ing the locule tissues, skin, and seeds and was imme-
diately processed or frozen in liquid nitrogen and stored
at −80∘C until analysis.

Color determination

Fruits were cleaned, dried, cut transversely through the
center and placed on the scanner (Hewlett Packard) with
the cut side down and a black background. The images
obtained were analyzed employing ‘Tomato Analyzer
Color Test’ (Rodriguez et al. 2010) designed to quantify
the color parameters Red, Green, and Blue of the RGB
color space. The average RGB values were employed to
calculate L*, a*, b* (numerical terms to express color
from black to white, green to red, and blue to yellow
axes, respectively) of the CIELAB color space and Hue
and Chroma color descriptors. The scanner color cali-
bration was achieved using Color Checker Munsell Color
X-write.

Protein isolation and immunoblotting

For pericarp proteins extraction, 1 g of frozen tissue was
ground in 0.6 ml of phosphate buffer (pH 7.8), 0.3 ml of
glycerol, and 2% (w/v) polyvinylpolypyrrolidone, using
mortar and pestle on ice. The extracts were centrifuged at
15 300 g for 10 min at 4∘C. Following isolation, the pro-
tein concentration was determined according to Brad-
ford (1976) using bovine serum albumin as standard.
One aliquot of each sample containing 40 μg of total
protein was precipitated with 10% (v/v) trichloroacetic
acid, resuspended in sample buffer and subjected to
15% SDS-PAGE and transferred to a nitrocellulose mem-
brane. Equal loading control before immunoblotting
analysis was achieved by Ponceau red staining of nitro-
cellulose membranes (Appendix S1, Supporting infor-
mation). The membranes were blocked with 5% (w/v)
milk powder in Tris-buffered saline for 1 h and incubated
overnight at 4∘C with primary antibody. The antibod-
ies employed were rabbit polyclonal antibodies against
sHsps (Polenta et al. 2007). The blots were rinsed and
incubated with a secondary antibody against rabbit
IgG conjugated to alkaline phosphatase, and processed
for the 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium substrate system.

RNA isolation and real-time PCR (qRT-PCR)

Total RNA was isolated from fruit tissues using Tri-
zol Reagent (Invitrogen Life Technologies, Karlsruhe,

Germany). RNA quantity was measured spectrophoto-
metrically, and RNA quality was checked by agarose
gel electrophoresis. For reverse transcription, 0.75–1 μg
of total RNA from each sample was incubated with
RNase-free DNase RQ1 (Promega, Madison, WI). For
cDNA synthesis, oligo(dT) primer and SuperScript III
Reverse Transcriptase (Invitrogen) were used according
to the manufacturer’s instructions. qRT-PCR reactions
were performed in a Mastercycler® ep realplex thermal
cycler (Eppendorf, Westbury, USA) using the interca-
lation dye SYBR Green I (Roche Life Science, Buenos
Aires, Argentina) as a fluorescent reporter to monitor
dsDNA synthesis. A master mix for each qRT-PCR run
was prepared. Final concentrations, in a total volume
of 20 μl, were: 1 X qRT-PCR Buffer Minus Mg, 3 mM
MgCl2, 0.2 mM dNTPs, 0.4 X SYBR Green I, and 0.5
U Platinum Taq DNA Polymerase (Invitrogen). 5 μl of
1:10 diluted cDNA was added. 1 μM for a specific
sense and anti-sense primers each was used. The gene
specific primers used for qRT-PCR were designed using
Primer3Plus Program (Untergasser et al. 2007) (Appen-
dices S2 and S3). rpl2 was used as a housekeeping gene.

Statistical analysis

Experimental data were subjected to statistical analysis
of variance (ANOVA) with ripening stage and treatments
as factors, followed by Fisher’s least significant differ-
ence post hoc test. It was considered that a P value less
than 0.05 was statistically significant. Model assump-
tions were tested by analysis of residuals. Each experi-
ment was carried out at least three times.

Results

Expression of sHsps and Hsfs genes during tomato
fruit ripening

Tomato fruits, cvs. Micro-Tom and Minitomato, differ-
ing in tolerance to postharvest chilling (Gonzalez et al.
2015), were selected for analysis of the sHsps expression
during fruit ripening. The transcript level of the cytoplas-
mic sHsps, sHsp 17.4-CII, sHsp 17.6-CI, sHsp 17.6-CII,
and sHsp 17.7-CI and organellar sHsps, sHsp 21.5-ER
localized in the endoplasmic reticulum, sHsp 21-P in
the chloroplast, and sHsp 23.8-M in the mitochondria
were analyzed by qRT-PCR in the pericarp of mature
tomato fruit. The results obtained are shown in Fig. 1.
sHsps expression pattern was similar in the fruits of the
two varieties while they ripened: the transcript level of
the seven sHsps analyzed increased during the transi-
tion from the green fruit to the intermediate stages and
then decreased in the red stage. In Micro-Tom fruit, the
maximum values of sHsps expression were observed at

Physiol. Plant. 2016



Fig. 1. sHsps expression throughout ripening in Micro-Tom (left panel)
and Minitomato (right panel) fruits. Transcript abundance was evaluated
using qRT-PCR. Values shown are the log2 fold change in mature green
(G), yellow (Y), orange (O), and red (R) fruits, compared to G. Each value
represents the average (± SE) of three independent biological replicates.
Means with the same letter within a graph are not significantly different
(P ≤0.05).

the orange stage, while in Minitomato fruit the higher
expressions were at the yellow stage. In Micro-Tom fruit,
the organellar sHsps transcript level increased at orange
stage about 100 and 500 times when compared to green
fruit, while the four cytoplasmic sHsps increased their
expression level only about 15–40 times in orange fruit
compared to green fruit. On the other hand, in Minito-
mato fruit, transcripts of sHsp 21-P increased 180-fold, of
sHsp 23.8-M increased 45-fold, and of the sHsp 21.5-ER
increased only 20 times in the yellow stage compared to
the mature green stage.

Transcription of sHsps is regulated upstream by Hsfs.
The expression of a group of Hsfs was analyzed by
qRT-PCR during ripening of Micro-Tom and Minitomato
fruits (Fig. 2). HsfA1 expression was statistically con-
stant during ripening in the fruit of the two varieties ana-
lyzed. HsfA3 expression of Micro-Tom fruit diminished
to around 1/20th when ripened, but in Minitomato fruit,
HsfA3 expression decreased in the intermediate stages
and partially recovered to the initial level in the red stage.
HsfA2 and HsfB1 expression level increased during the
ripening process in Micro-Tom fruit while it remained
statistically constant in the case of Minitomato fruit.

Accumulation of sHsps during fruit ripening

sHsp protein abundance was analyzed by immunoblot-
ting during ripening of Micro-Tom and Minitomato fruits
in total protein extracts from fruit pericarp. A represen-
tative pattern of sHsp protein abundance is shown in
Fig. 3. This analysis showed ripening-related changes in
the sHsp protein abundance of the two fruit varieties. A
main immunoreactive band was detected in all the fruits,
and the intensity of this band increased during fruit ripen-
ing. Although Micro-Tom and Minitomato sHsp pro-
tein pattern during fruit ripening were very similar, the
band intensity observed in Minitomato fruit extracts was
clearly lower.

Micro-Tom and Minitomato fruit aspect during
the first 3 days after cold storage

Micro-Tom and Minitomato fruits show different charac-
teristic after postharvest chilling. While Micro-Tom fruit
is chilling-tolerant, Minitomato fruit develops chilling
injury symptoms after chilling storage (Gonzalez et al.
2015). The fact that chilling injury symptoms become
evident after the product is returned to ambient tempera-
ture (Sharom et al. 1994) suggests that the physiological
events that occur the first days after chilling are deter-
minant for the subsequent fruit behavior. Therefore, a
focus was put on the first days mature green fruit returned
to ambient temperature after being stored 4 weeks at
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Fig. 2. HsfA1, HsfA2, HsfA3, and HsfB1 expression throughout ripening
in Micro-Tom (left panel) and Minitomato (right panel) fruits. Transcript
abundance was evaluated using qRT-PCR. Values shown are the log2

fold change in mature green (G), yellow (Y), orange (O), and red (R)
fruits, compared to G. Each value represents the average (± SE) of three
independent biological replicates. Means with the same letter within a
graph are not significantly different (P ≤0.05).

4∘C (Fig. 4). When Micro-Tom and Minitomato fruits
were taken from the cold camera, they were still green
(Fig. 4). Three days later, Minitomato showed wet skin
areas while Micro-Tom remained without visible alter-
ations (Fig. 4). The L* value (color brightness indicator)
of the Minitomato mature green fruit when it was taken
off the cold camera (Gch) was significantly lower than
the L* value of mature green fruit before cold storage
(G), and this value remained invariable during the 3 days
analyzed (Table 1). On the other hand, no significant
differences were found in the L* Micro-Tom fruit values
after chilling storage (Gch) when compared to the mature
green fruit that remained in the plant (G). Micro-Tom
mature green fruit a* value increased during and after
chilling storage (Gch and Gch+1d, Gch+2d, Gch+3d) while
Minitomato mature green fruit a* value slightly increased
the third day after cold storage (Gch+3d). The b* value

Fig. 3. Immunoblot analysis of sHsps expression in fruits of cv.
Micro-Tom and cv. Minitomato ripened on the plant. The fruits analyzed
were mature green fruit (G), yellow fruit (Y), orange fruit (O), and red
fruit (R). A polyclonal antibody against tomato sHsp (Polenta et al. 2007)
was used.

of the mature green fruit of both tomato varieties dimin-
ished after the cold storage, but in Micro-Tom fruit, it was
more pronounced (Table 1).

sHsps and Hsfs expression during the first 3 days
after cold storage

The influence of postharvest chilling on sHsps expres-
sion was analyzed in the pericarp of Micro-Tom and
Minitomato fruits immediately after the fruits were
taken off from the cold storage, and during the three
subsequent days. The results are shown in Fig. 5A. As
a control, fruit harvested at the mature green stage and
stored on the shelf at 25∘C was used (Fig. 5B).

Transcript levels of sHsp 17.4-CII and sHsp 23.8-M
increased in Micro-Tom mature green fruit after cold
storage and remained higher during the first three days
after cold storage (Fig. 5A). Expression of the sHsp
23.8-M gene in the Micro-Tom mature green fruit that
was harvested and put on the shelf increased the first
day (Fig. 5B) to the same value of the mature green
fruit chilled (Fig. 5A). On the other hand, the tran-
script level of sHsp 17.4-CII in Micro-Tom mature green
fruit diminished after postharvest on the shelf, remaining
repressed during the following days evaluated (Fig. 5B).
sHsp 17.6-CI, sHsp 17.6-CII, and sHsp 21.5-ER expres-
sion decreased after storage at 4∘C of Micro-Tom mature
green fruit (Fig. 5A), although the transcript level of sHsp
17.6-CII in Micro-Tom mature green fruit increased the
first day after transferring the fruit to 25∘C and reach-
ing the same expression level as the fruit ripened at
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Fig. 4. Changes in the overall aspect of Micro-Tom and Minitomato
green fruits stored at 4∘C for 28 days and upon transfer to 25∘C for 3
days. G: mature green fruit immediately after harvest, Gch: mature green
fruit after 28 days at 4∘C. Gch + 3d: mature green fruit 3 days at 25∘C after
4∘C storage.

25∘C on the shelf (Fig. 5B). Instead, the sHsp 17.6-CI
and sHsp 21.5-ER expression of the Micro-Tom chilled
fruit were lower than the mature green fruit kept on the
shelf at 25∘C. sHsp 17.7-CI and sHsp 21-P expression
levels of Micro-Tom mature green fruit were not altered

by cold storage, but they increased their expression dur-
ing the first days after cold storage. Nevertheless, tran-
script levels of sHsp 17.7-CI and sHsp 21-P in the chilled
Micro-Tom fruit were slightly lower (Fig. 5A) than those
of fruit kept on the shelf (Fig. 5B).

In Minitomato mature green fruit, the expression
level of the analyzed sHsps diminished after 28 days at
4∘C except for sHsp 23.8-M that remained statistically
unchanged (Fig. 5A). Returning Minitomato mature
green fruit to 25∘C did not affect the expression level
of all the sHsps analyzed. It is worth to mention that
in Minitomato transcripts of sHsps were analyzed in
mature green fruit only the first day at 25∘C after the
chilling storage because the fruit was severely injured
and the RNA obtained the days after had poor quality
for qRT-PCR analyses.

Micro-Tom transcript level of HsfA1 did not change
during chilling storage of mature green fruit but increased
after 3 days at 25∘C (Fig. 6A). When Micro-Tom fruit was
harvested and put at 25∘C on the shelf, the transcript
level of HsfA1 did not change significantly (Fig. 6B).
Contrariwise, Minitomato transcript level of HsfA1 in
mature green fruit decreased during chilling storage and
remained low after chilling storage (Fig. 6A).

The chilling storage of Micro-Tom and Minitomato
mature green fruits caused a diminution in the HsfA2
expression. Micro-Tom transcript level of HsfA2 in
mature green fruit increased at 3 days after the fruit was
taken off the cold storage (Fig. 6A) and when the fruit
was harvested and put on the shelf (Fig. 6B). On the
other hand, the HsAf2 expression in the Minitomato
mature green fruit did not restore to the original value
after chilling (Fig. 6A).

In the Micro-Tom mature green fruit, the transcript
level of HsAf3 was down-regulated by chilling storage
although it increased after 3 days at 25∘C on the shelf.
In the Minitomato mature green fruit the transcript level
of HsAf3 was not altered by cold storage (Fig. 6A).
HsAf3 expression was not affected when Micro-Tom and

Table 1. Changes in color (L*, a*, b*) of Micro-Tom and Minitomato mature green fruits before and after storage at 4∘C during 4 weeks. G
corresponds to green fruit from the vine and Gch+n corresponds to green fruit conserved for 4 weeks at 4∘C and transferred during n days to 25∘C.
Each value represents the average (± SE) of three independent biological replicates. Means in the same column with the same letter are not significantly
different (P ≤ 0.05).

Micro-Tom Minitomato

Fruit L* a* b* L* a* b*

G 63.7± 0.5 ab −22.0±2.0a 52.0±0.4a 58.5±0.3a −18.7±1.3a 45.5±0.3a
Gch 65.1± 0.8 a −16.6±0.2b 44.7±0.4b 55.8±0.4b −17.7±0.3a 44.8±0.2ab
Gch+1d 63.8± 0.9 a −16.7±0.3b 45.7±0.5bc 56.0±0.3b −17.7±0.3a 43.8±0.4bc
Gch+2d 65.6± 0.8 a −15.4±0.4c 47.6±0.5c 56.6±0.4b −18.4±0.2a 45.9±0.3a
Gch+3d 61.2±0.5 b −13.3±0.4d 44.3±1.0b 55.4±0.4b −16.3±0.4b 43.5±0.3 c
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Fig. 5. sHsp gene expression after cold (A – prechilled) and ambi-
ent temperature (B – off the vine) storage of fruits cv Micro-Tom and
Minitomato differing in chilling sensitivity. Green fruits were stored at
4∘C for 28 days and transferred to 25∘C for 3 days (A) or harvested and
placed on a shelf at 25∘C (B). Transcript abundance was evaluated using
qRT-PCR after harvest (G), immediately after 4 weeks at 4∘C storage (Gch)
and 1–3 days after being transferred to 25∘C (Gch+n). Goff+n corresponds
to green fruit picked at the mature green stage and placed on the shelf
at 25∘C during n days. Values shown are the log2 fold change in fruits
compared to G. Each value represents the average (± SE) of three inde-
pendent biological replicates. See statistical analysis in Appendix S4.

Minitomato fruits were harvested and put on the shelf
without storage at 4∘C (Fig. 6B).

The transcript level of HsfB1 in the mature green
fruit of the two tomato varieties diminished after chilling
storage (Fig. 6A). Later, the transcript level of HsfB1 in
Micro-Tom mature green fruit rose while transcript of
HsfB1in Minitomato mature green fruit level decreased
(Fig. 6B).

Accumulation of sHsps after postharvest chilling

Immunoblotting analysis of sHsps was carried out on
protein extracts from fruit at the end of cold storage (at
4∘C during 4 weeks) and the first and second days after

Fig. 6. Hsf gene expression after cold (A – prechilled) and ambient
temperature (B – off the vine) storage of fruits cv. Micro-Tom and
Minitomato differing in chilling sensitivity. Green fruits were stored at
4∘C for 28 days and transferred to 25∘C for 3 days (A) or harvested
and placed on a shelf at 25∘C (B). Transcript abundance was evaluated
using qRT-PCR after harvest (G), immediately after 4∘C storage (Gch)
and 1–3 days after being transferred to 25∘C (Gch+n). Goff+n corresponds
to green fruit picked at the mature green stage and placed on the
shelf at 25 ∘C during n days. Values shown are the log2 fold change in
fruits compared to G. Each value represents the average (± SE) of three
independent biological replicates. See statistical analysis in Appendix S4.

the fruit was taken from the 4∘C storage and transferred to
25∘C (Gch+1 and Gch+2). The results obtained are shown
in Fig. 7. A clear difference was observed in the sHsp
protein pattern of Micro-Tom and Minitomato mature
green fruits. The sHsps pattern of the Micro-Tom mature
green fruit did not change after chilling storage (see
Figs. 3 and 7), but it was markedly different when the
fruit was rewarmed to 25∘C, in fact, new sHsp bands of
approximately 22–23 kDa were detected (Fig. 7). These
new bands were not detected in fruits while ripening
on the vine (Fig. 3). On the other hand, the chilling
storage of the Minitomato mature green fruit reduced
the sHsp protein level to almost undetectable levels,
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Fig. 7. Immunoblot analysis of sHsps expression in fruits cv. Micro-Tom
and cv. Minitomato after postharvest chilling. The fruits analyzed were:
green fruit after 28 days at 4∘C (Gch), green fruit after 28 days at
4∘C+1 day at 25∘C (Gch+1d) and green fruit after 28 days at 4∘C+2 days
at 25∘C (Gch+2d).

although a slight induction in the main sHsp band could
be observed when the fruit was rewarmed (Fig. 7).

sHsps and Hsfs expression during Micro-Tom fruit
ripening after cold storage

Because Micro-Tom fruit tolerates chilling injury while
Minitomato does not (Gonzalez et al. 2015), it was
investigated if the sHsps expression level of ripening
Micro-Tom fruit was affected by postharvest chilling. The
results obtained by qRT-PCR are shown in Fig. 8.

Transcripts of sHsp 17.4-CII remained statistically
invariant during ripening of the fruit prechilled while it
increased during fruit ripening on and off the vine, show-
ing a maximum at the orange stage (Fig. 8).

Transcript level of sHsp 17.6-CI and sHsp 17.6-CII
(Fig. 8) increased at intermediate stages (Y and O) when
ripening on the vine (Fig. 1). However, the expression of
these sHsps was not altered when the fruit ripened off the
vine or after cold storage.

The sHsp 17.7-CI expression of ripening fruit showed a
maximum at intermediate stages keeping the same value
at the R stage, in the three conditions analyzed. The
level of sHsp 17.7-CI expression of fruit at intermediate
ripening stages was lower in the prechilled fruit (Fig. 8).

Harvest and prechilling had no effect on the expres-
sion of sHsp 23.8-M gene in ripening fruit, except for the
increase observed in the mature green fruit after storing
at 4∘C (Fig. 5). Orange fruit exhibited the highest sHsp

23.8-M expression in all the ripening conditions studied
(Fig. 8). sHsp 21-P also showed an expression pattern
with a maximum level at the O stage regardless of the
ripening condition (Fig. 8).

Expression pattern of sHsp 21.5-ER during fruit ripen-
ing on the vine and prechilled showed a maximum at the
O stage, while off the vine at Y, O, and R it remained sta-
tistically invariant. The prechilled R fruit expression level
was lower than in non-chilled fruits (on and off the vine)
(Fig. 8).

HsfA1 and HsfA2 exhibited higher expression values
when the fruit ripened off the vine with the previous chill-
ing or not reaching similar values at the R stage (Fig. 9).
HsfB1 expression in the fruit is increased during ripen-
ing, in the three ripening conditions (Fig. 9). The HsfA3
expression was decreased in fruit while ripening on the
vine (Fig. 2), it was absent when the fruit was harvested
and ripened off the vine, either with the previous chilling
storage or not (Fig. 9).

Discussion

Ripening is the final phase of fruit development and
involves profound changes in the biochemistry, physiol-
ogy and gene expression of the fruit, which affect color,
texture, flavor, and aroma (Carrari and Fernie 2006).
Ripening is under the control of both external and inter-
nal factors, as the result of the operation of unique
pathways, genes, and proteins. Additionally, in climac-
teric fruits, a peculiar burst in the ethylene evolution
and the respiration rate at the onset of ripening occurs
(Alexander and Grierson 2002), tuning the whole set
of ripening-associated pathways (Liu et al. 2015). It is
tempting to suppose that the metabolic changes that take
place during ripening are a stressful endogenous con-
dition for the fruits. Indeed, several authors have iden-
tified the defense and stress genes and proteins associ-
ated with the ripening process (Malacrida et al. 2006,
Faurobert et al. 2007, Kesari et al. 2007, Palma et al.
2011). The results obtained herein, show that cytoplas-
mic and organellar sHsps and Hsfs have possible roles
in the regulation of tomato fruit ripening. It is now
clear that the sHsps are induced in response to most
stresses, although not all sHsps respond in the same way
(Waters 2013). Analysis of the expression profile of seven
sHsp during fruit ripening in two tomato varieties (cvs.
Micro-Tom and Minitomato) showed that the sHsp tran-
scripts accumulated, peaked at intermediate stages (Y
or O), and then declined. Similar transcription pattern
was observed for class I sHsp genes Sl17.6 and Sl20.0
of tomato where they showed higher expression upon
ripening (breaker and pink fruit) and then declined in the
red fruit (Goyal et al. 2012) probably as a consequence
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Fig. 8. sHsps expression throughout ripening in Micro-Tom fruits on the vine (A), off the vine (B), and after postharvest chilling (C). Transcript
abundance was evaluated using qRT-PCR in green (G), green after 28 days at 4∘C (Gch), yellow (Y), orange (O), and red (R) fruits. Values shown are
the log2 fold change compared to G. Each value represents the average (± SE) of three independent biological replicates. See statistical analysis in
Appendix S4.

Fig. 9. Hsfs expression throughout ripening in Micro-Tom fruits on the vine (A), off the vine (B), and after postharvest chilling (C). Transcript abundance
was evaluated using qRT-PCR. in green (G), green after 28 days at 4∘C (Gch), yellow (Y), orange (O), and red (R) fruits. Values shown are the log2 fold
change compared to G. Each value represents the average (± SE) of three independent biological replicates. See statistical analysis in Appendix S4.

of the presence of physical clusters of sHsps genes in
tomato. Also, Neta-Sharir et al. (2005) reported that the
chloroplastic sHsp 21-P is induced during fruit ripen-
ing. In silico expression analysis of all members of sHSP
identified in the tomato genome (Bondino et al. 2012 )
during fruit ripening using an RNA-seq database (Tom-
Express; http://gbf.toulouse.inra.fr/tomexpress) showed a
clear peak of all transcripts at breaker stage in Ailsa Craig
(Appendix S5). In a non-climacteric fruit such as straw-
berry, ripening expression of a cytoplasmic class I sHsp
was observed (Medina-Escobar et al. 1998). It is worth
to note that the highest transcript levels of sHsp at the
intermediate stages (Fig. 1), occur together with the res-
piration burst (Alexander and Grierson 2002), denoting
that sHsps may act as protecting proteins against denatu-
ration as a result of the oxidative stress. Also, a protective
role against oxidative stress for the accumulation of the

mitochondrial sHsp 22 was suggested by Banzet et al.
(1998) in tomato cells. In Micro-Tom fruit, the organel-
lar sHsps showed higher expression than cytoplasmic
sHsps during ripening. On the other hand, in Minito-
mato fruit, the chloroplastic sHsp 21-P was the unique
organellar sHsp that showed higher expression, suggest-
ing that Micro-Tom fruit may cope better with organellar
stress than Minitomato fruit.

The transcript profiles for Hsfs during fruit ripening
were different in the two tomato varieties, except for
HsfA1, the expression level of which was constant in
both fruit types during fruit ripening. HsfA1 is known
as the master regulator for induced thermotolerance
in tomato and cannot be replaced by any other Hsf
(von Koskull-Doring et al. 2007). The expression of the
other Hsfs (HsfA2, HsfA3, and HsfB1) was practically
constant during fruit ripening in Minitomato but not in
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Micro-Tom (Fig. 2). Probably a Hsf network plasticity
is occurring in Micro-Tom fruit that explains the major
accumulation of sHsps proteins during ripening in this
fruit (Fig. 1). Under stressful conditions, it was reported
that in rice HsfA2a generates different transcripts by
alternative splicing (Wang et al. 2013) and in grapevine
VpHsf1 is involved in the response to biotic and abiotic
stresses (Peng et al. 2013).

There exists abundant evidence showing a correlation
between the accumulation of sHsps proteins induced by
high temperatures, methyl jasmonate, methyl salicylate
and other treatments, and the acquisition of chilling tol-
erance (Sabehat et al. 1998, Ding et al. 2002, Sevillano
et al. 2010). Also, it has been shown that overexpres-
sion of a mitochondrial sHsp from tomato in tobacco
can enhance heat tolerance (Sanmiya et al. 2004). In
the present study, the tomato genotype advantage for
the fruit to cope with the adverse conditions caused by
refrigerated storage and the individual capacity of sHsp
biosynthesis was investigated. Micro-Tom and Minito-
mato green fruits have shown contrasted sensitivity to
postharvest chilling injury, being Micro-Tom more tol-
erant to cold storage (Gonzalez et al. 2015). This dif-
ferent sensitivity became evident during the first days at
ambient temperature (18–25∘C) after the chilling storage
(4∘C). Minitomato fruit showed rubbery texture, failed to
develop color as Micro-Tom fruit did (minor a* value)
and was less luminous (minor L* value) (Fig. 4 and
Table 1). These macroscopic differences between vari-
eties were also evident at the molecular level. Higher
sHsp expression levels and new immunoreactive bands
were detected in Micro-Tom fruit after chilling. Con-
comitantly, a clear distinction in the sHsps expression
pattern of the fruit of the two varieties was observed
(Fig. 5). Transcripts of all sHsps fell in Minitomato fruit
during chilling storage while in Micro-Tom fruit tran-
scripts of sHsp 17.4-CII and 23.8-M increased 4- and
16-fold, respectively. In accordance with this observa-
tion, it has been reported that sHsp 23.8-M promoter
is cold-inducible in tomato (Yi et al. 2006). Also, sHsp
17.4-CII has been associated with chilling resistance in
tomato fruit pretreated with methyl jasmonate or methyl
salicylate (Ding et al. 2001). Interestingly, transcript level
of sHsp 17.4-CII in Micro-Tom fruit diminished during
the first days after postharvest without chilling (Fig. 5B),
indicating that sHsp 17.4-CII induction observed in the
prechilled fruit (Fig. 5A) could be part of the response
of Micro-Tom fruit to low temperature exclusively, not
to the off the vine ripening condition. Other authors
described up-regulation of sHsp 17.7-CI protein involved
in the differential resistance to chilling conditions of two
tomato lines (Page et al. 2010). Nevertheless, in ripening
Micro-Tom fruit after cold storage, low transcription level

of sHsp 17.7-CI was observed when compared with the
on the vine ripening fruit (Fig. 8), suggesting that chill-
ing tolerance can be achieved by induction of different
sHsps.

In Micro-Tom fruit, the expression of the sHsps
restored their level partially during the first days after the
fruit was returned to ambient temperature and during
ripening (Fig. 5). However, sHsp expression in Minito-
mato fruit did not change under the conditions described
(Fig. 5). It has been reported (Neta-Sharir et al. 2005)
that cold storage of a chilling-sensitive fruit variety inhib-
ited the induction of sHsp 21-P expression. Constitutive
sHsp 21-P synthesis (Neta-Sharir et al. 2005), or induced
sHsp 21-P synthesis by preheat treatment (Sabehat et al.
1998) in fruit prevented some, but not all, symptoms
of chilling injury, suggesting that sHsp 21-P could not
be involved in protection against all chilling injury. The
results obtained here show that the transcript level of
sHsp 21-P was up-regulated during Micro-Tom fruit
ripening at a higher level than in Minitomato regardless
of the harvesting and chilling storage. This observation
provides a new evidence of the correlation that exists
between sHsp 21-P accumulation and amelioration of
chilling symptoms in tomato fruit. It also points that sHsp
21-P natural induction could be involved in Micro-Tom
fruit chilling tolerance. Despite the higher transcript level
of sHsp 21-P observed in Micro-Tom fruit with respect
to Minitomato after postharvest chilling (Fig. 5), a low
expression value at the yellow stage was observed in the
fruit that ripened after chilling when compared with the
fruit that ripened on the plant (Fig. 8). This fact could be
related to the longer ripening time of the prechilled fruit
(Gonzalez et al. 2015) and the role of sHsp 21-P in the
chloroplast to chromoplast conversion (Neta-Sharir et al.
2005). Additionally, the differences between the expres-
sion pattern of sHsps of the red fruit that was prechilled
and the red fruit that ripened on the vine (Fig. 8) could
explain, at least in part, the alteration in the fruit ripening
process of the two cultivars (Gonzalez et al. 2015).

The cold storage response of tomato fruit from
Micro-Tom and Minitomato was also different on the
transcript level of Hsfs. The expression analysis of the
four Hsfs showed that Hsfs were repressed by chilling
storage in fruits from both varieties, except for HsfA3 in
Minitomato, which was not (Fig. 6). It has been stated
that HsfA3 functions in crosstalk with drought stress
signaling (von Koskull-Doring et al. 2007). Also, HsfA3
was induced by heat in tomato cells (Bharti et al. 2000),
and it was up-regulated in maturing tomato microspore
(Frank et al. 2009), showing that HsfA3 is involved in the
response to different stresses in different tomato tissues.
The diminution of HsfA3 transcript level observed in this
work is probably associated with the tolerance to the
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chilling of Micro-Tom fruit. HsfA3 expression pattern in
Micro-Tom fruit during ripening was different after chill-
ing storage than in planta: when ripening on the vine,
the HsfA3 expression was significantly lower in ripening
fruit than in green fruit, while when the fruit ripened off
the vine with or without the previous chilling, HsfA3
expression did not change (Fig. 9). Probably HsfA3 does
not develop a relevant role in fruit while ripening on the
vine, but it is involved in the amelioration of chilling
and harvesting effect on ripening off the vine.

In conclusion, this study shows that sHsps and Hsfs
are part of the ripening program of tomato fruit and of
the response to postharvest and chilling. In particular, the
data suggest that as a result of the complex regulatory
network of sHsps and sHsfs in tomato fruit, the accumu-
lation of transcripts of HsfA3, sHsp 17.4-CII and 23.8-M
may be directly involved in the protection mechanisms
to chilling stress.
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