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Fig. 7. Detection of autophagosome structures. (A) MDC-stained autophagosomes in tomato leaves. The leaves were visualized by fluorescence
confocal microscopy to allow the detection of autophagosome structures or chlorophyll-derived red fluorescence. The green channel images of MDC-
derived fluorescence are superimposed with the red autofluorescence of chloroplasts. Bars = 25 m. (B) Formation of autophagosomes in tomato leaves
under heat stress using TEM. Cp, chloroplast; S, starch grain; V, vacuole; blue arrows, autophagosomes. Bars =1 m. (C) Numbers of punctate MDC
fluorescence spots per 20 000 m? section are indicated. Means and SD were calculated from three experiments. (D) Numbers of autophagic structures
in the mesophyll cells. Means and SD were calculated from four experiments, and each replicate was the average number of 100 mesophyll cells. Different
letters indicate significant differences between the treatments according to Tukey’s test (P < 0.05). Leaf samples were taken at 1h after the heat stress.

The pTRV-2-CP2 plants were more sensitive to heat stress
than the pTRV-2-CP1 plants (Figs 2B, 3, and 5A). Thus, even
though 2-CP1 and 2-CP2 are 86% identical at the amino acid
level, these proteins appear to play somewhat different roles
in the heat stress response. Moreover, the higher insoluble to
total protein ratios and lower AsA to DHA ratios observed
in the pTRV-2-CP1/2 plants compared to either the pTRV-
2-CP1 or pTRV-2-CP2 plants suggests synergistic effects

between 2-CPI and 2-CP2 in the heat stress response (Figs
4B and 5A).

Heat stress tolerance requires an interaction between
2-CP and the ascorbate-glutathione cycle in tomato

H,0, is produced at high rates by photosynthesis, particu-
larly under stress conditions (Noctor et al., 2002). In the
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Fig. 8. ATG5 and ATG7 silencing induced changes in heat tolerance, transcript levels of 2-CP7 and 2-CP2, and 2-CP accumulation in tomato plants.

(A) Images of Fv/Fm in response to heat stress. (B) Average Fv/Fm values in response to heat stress. (C, D) The expression of 2-CPs in response to heat
stress. (E, F) The protein abundance of 2-CPs in response to heat stress. VIGS plants were placed at 22°C and 45°C in growth chambers for 7 h and
immediately measured for Fv/Fm. Leaf samples were collected at O, 2.5, and 5h after heat stress for 2-CPs protein abundance analysis. The data are the
means of four replicates with SDs. Different letters indicate significant differences between the treatments according to Tukey’s test (P < 0.05).

chloroplasts, 2-CPs act together with the ascorbate-glu-
tathione cycle to remove H,0, and protect the photosystems
from photo-oxidative stress (Asada et al., 1998; Foyer and
Shigeoka, 2011; Awad et al., 2015). Exposure to heat stress
increased the abundance of transcripts encoding enzymes of
the ascorbate-glutathione cycle and superoxide dismutase, as
well as the activities of these enzymes in the pTRV control
plants, as has been reported previously in tomato (Nie et al.,
2013). The data presented here provide further evidence of
the interdependent functions of these antioxidant systems in
the stress responses in tomato plants. These findings confirm
the involvement of SOD and the ascorbate-glutathione cycle
in the heat response in tomato plants.

Like other antioxidants, 2-CPs also fulfil signalling func-
tions associated with H,O, metabolism in chloroplasts (Dietz

et al., 2006). The levels of Cu/Zn-SOD, sAPX, tAPX, and
MDAR transcripts were higher in the pTRV-2-CP1/2 tomato
plants in the absence of stress (Fig. 3A), in which the activi-
ties of SOD, APX, and MDAR were also increased relative
to pTRYV controls (Fig. 3B). These findings agree with earlier
observations showing that the suppression of 2-CP functions
in Arabidopsis resulted in an oxidation of the ascorbate pool,
and led to increased expression and activities of SAPX, tAPX,
and MDAR in the absence of stress (Baier et al., 2000). Taken
together, these results demonstrate the coordinated com-
pensatory functions of the 2-CP and ascorbate-glutathione
systems in water-water cycle activities. Moreover, the heat-
induced increases in ascorbate-glutathione cycle-related tran-
scripts and enzyme activities were largely compromised in
the 2-CP-silenced plants, resulting in substantial decreases in
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the AsA to DHA and the GSH to GSSG ratios (Figs 3 and
4A, B). All these results suggest that 2-CP-mediated oxida-
tive signalling is required for the expression of the SOD and
ascorbate-glutathione cycle-related genes in tomato. The data
presented here also revealed the function similarity of 2-CPs
in tomato and in Arabidopsis in response to heat and other
stresses (Baier et al., 2000; Foyer and Shigeoka, 2011; Awad
etal.,2015).

The pTRV-2-CP1/2 plants showed a higher accumulation
of leaf ascorbate than did the pTRV controls in the absence
of stress (Fig. 4B). This finding is consistent with previous
observations showing that loss of 2-CP function results in
the expression of genes involved in ascorbate biosynthesis in
Arabidopsis in the absence of stress (Baier et al., 2000). The
loss of 2-CP functions would place an additional burden on
the ascorbate-glutathione pathways of H,O, detoxification,
leading to the observed decreases in the AsA to DHA and the
GSH to GSSG ratios relative to the pTRV controls, as dis-
cussed previously (Dietz et al., 2002). However, this compen-
satory action does not explain why the heat-stress-dependent
induction of the expression of ascorbate biosynthesis genes
was compromised in the pTRV-2-CPI, pTRV-2-CP2, and
pTRV-2-CP1/2 plants (Fig. 4B, C). One possibility suggested
by these findings is that the 2-CP-dependent oxidative signal-
ling pathway is required for the regulated expression of ascor-
bate biosynthesis genes.

2-CPs are required for the oxidative regulation of
autophagy in the heat stress response in tomato

The data presented here show that the activities of 2-CPs
attenuate protein misfolding and denaturation under heat
stress. Loss of 2-CP1, 2-CP2, or 2-CP1/2 functions resulted
in increased levels of oxidized soluble proteins that may
aggregate into high molecular weight insoluble proteins
(Fig. 5B). The lower levels of heat tolerance exhibited by the
pTRV-2-CP1, pTRV-2-CP2, and pTRV-2-CPI/2 plants were
also associated with an increased accumulation of insoluble
protein (Fig. 5A).

The efficient removal of misfolded and denatured pro-
teins is required to prevent the cells from proteotoxic stress
(Hightower, 1991). This can be achieved by autophagy,
which is a major process involved in the dismantling of cel-
lular structures during natural and stress-induced senescence
(Slavikova et al., 2008; Liu et al., 2009; Liu and Bassham,
2010; Zhou et al., 2013). Heat tolerance was suppressed in the
ATGS5- and ATG7-silenced tomato plants, which is in agree-
ment with a previous study (Zhou et al., 2014). The data pre-
sented here confirm that autophagy plays an important role
in heat tolerance in tomato. The levels of 2-CP/ and 2-CP2
transcript and 2-CP protein were significantly higher in the
ATGS5- and ATG7-silenced plants that had been exposed to
heat stress (Fig. 8C-F). These findings suggest that 2-CP
functions are important in the regulation of autophagy, a
finding that might be related to the transmission of ROS sig-
nals, which are known to induce autophagy in plants exposed
to environmental stresses (Liu and Bassham, 2010). In these
studies, the observed changes in ATG transcripts occurred in
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parallel to increases in the ratios of insoluble to total protein
(Figs. 5SA and 6). The levels of ATG5 and ATG7 transcripts
increased more rapidly in the plants that were defective
in 2-CP functions. Additionally, the 2-CP-silenced plants
had greater numbers of autophagosomes in line with the
increased accumulation of oxidized proteins and production
of insoluble protein (Figs 5-7). On the other hand, the ATG5-
and ATG7-silenced plants had increased transcript levels and
accumulation of 2-CPs in response to the heat stress (Figs.
8C-F), suggesting that 2-CPs and autophagy could function
co-ordinately to prevent the cells from heat-induced oxidative
damage in tomato. It is also worth noting that induction of
autophagy was associated with less accumulation of starch
in the chloroplasts of heat-treated 2-CP-silenced plants, sug-
gesting a potential role of 2-CPs in starch metabolism. This is
in agreement with an earlier finding that autophagy induces
rapid starch degradation in Arabidopsis (Wang and Liu,
2013)

In summary, the results of this study provide new links
between the interactive 2-CPs and ascorbate-glutathione
ROS-processing systems of chloroplasts. Evidence is provided
to support the concept that both pathways function together
in ROS detoxification during heat stress in tomato. Moreover,
the data suggest that 2-CPs may also fulfil a signalling role
linked to oxidant processing, the induction of autophagy, and
the removal of oxidized proteins during heat stress.
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