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The effect of proline (Pro) accumulation on heat sensitivity was investigated using transgenic Arabidopsis (Arabidopsis thaliana)
plants ectopically expressing the D(1)-pyrroline-5-carboxylate synthetase 1 gene (AtP5CS1) under the control of a heat shock
protein 17.6II gene promoter. During heat stress, the heat-inducible expression of the AtP5CS1 transgene was capable of
enhancing Pro biosynthesis. Twelve-day-old seedlings were first treated with heat at 37�C for 24 h to induce Pro and then were
stressed at 50�C for 4 h. After recovery at 22�C for 96 h, the growth of Pro-overproducing plants was significantly more
inhibited than that of control plants that do not accumulate Pro, manifested by lower survival rate, higher ion leakage, higher
reactive oxygen species (ROS) and malondialdehyde levels, and increased activity of the Pro/P5C cycle. The activities of anti-
oxidant enzymes superoxide dismutase, guaiacol peroxidase, and catalase, but not those of glutathione reductase and ascorbate
peroxidase, increased in all lines after heat treatment, but the increase was more significant in Pro-overproducing seedlings.
Staining with MitoSox-Red, reported for being able to specifically detect superoxide formed in mitochondria, showed that Pro
accumulation during heat stress resulted in elevated levels of ROS in mitochondria. Interestingly, exogenous abscisic acid
(ABA) and ethylene were found to partially rescue the heat-sensitive phenotype of Pro-overproducing seedlings. Measurement
of ethylene and ABA levels further confirmed that these two hormones are negatively affected in Pro-overproducing seedlings
during heat stress. Our results indicated that Pro accumulation under heat stress decreases the thermotolerance, probably by
increased ROS production via the Pro/P5C cycle and inhibition of ABA and ethylene biosynthesis.

Pro accumulation is a widespread phenomenon in
higher plants in response to various environmental
stresses and was demonstrated to be protective for
plants under adverse conditions. Pro accumulation was
proposed to act as a compatible osmolyte, free radical
scavenger, cell redox balancer, cytosolic pH buffer, and
stabilizer for subcellular structures during various
stresses, especially osmotic and salt stresses (for re-
view, see Hare and Cress, 1997; Kishor et al., 2005;
Trovato et al., 2008; Verbruggen and Hermans, 2008;
Szabados and Savouré, 2010). Recently, increasing evi-
dence suggested that Pro accumulation may also play
regulatory roles during plant growth and flowering
(Nanjo et al., 1999b; Samach et al., 2000; Maggio et al.,
2002; Mattioli et al., 2008). However, the exact physi-
ological function of Pro is still controversial, and sev-
eral researchers have attributed its beneficial function
to the process of Pro metabolism rather than to the

Pro molecule itself. The interconversion of Pro and
pyrroline-5-carboxylate (P5C) in different cellular com-
partments might be involved in metabolic signaling
and the regulation of intracellular redox potential in
higher plants (Hare and Cress, 1997; Miller et al., 2009).

In plants, the biochemical routes of Pro biosynthesis
and degradation have been well studied. Pro biosyn-
thesis is derived from two different precursors, Glu
and Orn. Glu is converted into Pro by two successive
reductions, catalyzed by pyrroline-5-carboxylate syn-
thetase (P5CS) and pyrroline-5-carboxylate reductase
(P5CR), respectively, with P5C as an intermediate (Hu
et al., 1992; Verbruggen et al., 1993; Yoshiba et al.,
1995). Alternatively, Orn is converted to P5C by Orn-d-
aminotransferase and then reduced further to Pro by
P5CR (Roosens et al., 1998). The up-regulation of the Glu
pathway is thought to be responsible for Pro accumu-
lation under various stresses. For degradation, Pro is
oxidized to Glu via P5C, catalyzed by proline dehydro-
genase (PDH) and P5C dehydrogenase (P5CDH) in
mitochondria. P5CS and PDH appeared to catalyze the
rate-limiting step in Pro biosynthesis and degradation,
respectively (Hu et al., 1992; Verbruggen et al., 1996;
Székely et al., 2008).

Numerous reports have been published that transgenic
plants overproducing Pro exhibited increased tolerance
to various environmental stresses, such as freezing,
high salinity, and drought (Kishor et al., 1995; Nanjo
et al., 1999a; Hong et al., 2000; Kumar et al., 2010). On
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the contrary, transgenic Arabidopsis (Arabidopsis thaliana)
plants with an antisense AtP5CS cDNA displayed lower
Pro content and decreased tolerance to osmotic stress
(Nanjo et al., 1999b). Similarly, lower salt tolerance was
observed in the P5CS1 insertional mutant of Arabidopsis
with impaired Pro accumulation (Székely et al., 2008).

Compared with other stresses, however, only a few
reports demonstrated that Pro accumulated during
heat stress (HS). In the first leaf of barley (Hordeum
vulgare) and radish (Raphanus sativus), Pro content
showed a slight increase under 41�C HS (Chu et al.,
1974). In chickpea (Cicer arietinum), heat treatment re-
sulted in a marginal increase in Pro content compared
with the control, and the increase was more significant
after salicylic acid (SA) pretreatment (Chakraborty and
Tongden, 2005). In suspensions cells of cowpea (Vigna
unguiculata), the Pro synthesis rate was increased 2.7-
fold when cells had been transferred from 26�C to 42�C
(Mayer et al., 1990). In a salt-tolerant strain of tobacco
(Nicotiana tabacum) suspension cells, NrEs-1, a tran-
sient initial rise in Pro content was reported at high
temperature or at high temperature plus salinity, but
high Pro content could last a longer time in response to
salinity solely (Kuznetsov and Shevyakova, 1997). In
Arabidopsis, Pro accumulation was not observed dur-
ing HS (Yoshiba et al., 1995; Hua et al., 2001; Rizhsky
et al., 2004). This has posed a question whether Pro
accumulation is beneficial in all kinds of stresses, or is
it only so in a specific set of stresses where Pro accu-
mulates naturally? It has been reported that high tem-
perature exaggerated the toxic effect of exogenous Pro
(Rizhsky et al., 2004), raising the possibility that the
presence of high concentrations of Pro during high
temperature is inhibitory. In supporting this hypoth-
esis, PDH insertional mutants, with higher Pro con-
tent, exhibited lower thermotolerance compared with
the wild type (Larkindale and Vierling, 2008); the p5cdh
mutant, unable to completely oxidize Pro, was also dem-
onstrated to be more sensitive to heat shock (Miller et al.,
2009). However, direct evidence for the effect of Pro
accumulation on thermotolerance is still lacking.

In this study, we have ectopically expressed P5CS1
under the control of the heat shock protein AtHSP17.
6II promoter in Arabidopsis. These transgenic plants,
where Pro accumulated in a heat-inducible manner,
displayed reduced heat tolerance compared with the
wild type. Our data indicated that, unlike during
osmotic stresses, Pro accumulation during HS induced
the expression of the Pro oxidase gene, resulting in
enhanced activity of the Pro/P5C cycle and produc-
tion of reactive oxygen species (ROS). In addition, the
function of hormones such as abscisic acid (ABA) and
ethylene also seemed to be affected.

RESULTS

Identification of Transgenic Arabidopsis

In order to investigate the effect of Pro accumulation
on the heat response in Arabidopsis, transgenic plants

containing the AtP5CS1 gene under the control of the
promoter of HSP17.6IIwere generated and designated
as HspP5CS. Transgenic plants containing the GUS
gene under the control of the same promoter were
used as a control and designated as HspGUS (Fig.
1A). Thirty-two and 21 independent transgenic lines
were obtained for HspP5CS and HspGUS, respec-
tively. The homozygous T3 generation of four indepen-
dent HspP5CS lines, namely HspP5CS2, HspP5CS5,
HspP5CS6, and HspP5CS9, and one HspGUS line,
namely HspGUS4, were used for further analysis.
Reverse transcription (RT)-PCR analysis showed that
AtP5CS1 was expressed in a heat-inducible manner in
HspP5CS lines, among which HspP5CS2 showed the
highest induction, while the expression of AtP5CS1
was not detectable in the wild type and HspGUS4 un-
der either control or heat conditions. As expected,
the expression of HSP17.6II was similarly induced in
all lines tested (Fig. 1B), indicating that endogenous
HSP17.6II expressionwas not affected inHspP5CS lines.

Free Pro content in different lines was also deter-
mined. Under unstressed conditions, the Pro content
was nearly the same in all lines. In comparison with the
control condition, heat shock (Pro induction at 37�C for
24 h [IND]) caused a significant increase in Pro content
inHspP5CS lines but not in the wild type and the vector
control (HspGUS4; Fig. 1C). These results indicate that
heat-inducible expression of AtP5CS is functional in
promoting Pro biosynthesis.

The Effect of Pro Accumulation on the Heat Response

To test whether Pro accumulation has any effects
on heat tolerance, we followed the experimental pro-
cedures as depicted in Figure 1D. Twelve-day-old
seedlings that have been grown at 22�C (control) were
first treated with heat at 37�C for 24 h to induce Pro
(IND) and were then transferred to 50�C for 4 h (HS).
After recovery at 22�C for 96 h (RE), the growth of
the seedlings was evaluated. As shown in Figure 2A,
HspP5CS lines were more severely bleached than the
wild type and HspGUS4. The relative survival rate was
only about 32% for HspP5CS seedlings, while that for
the wild type and the vector control was about 75%
(Fig. 2B). Total chlorophyll content was also examined.
During RE, a significant decrease in chlorophyll content
was observed in all lines, but the decrease was more
dramatic in HspP5CS lines than in the wild type and
HspGUS4 (Fig. 2C). No significant difference in chlo-
rophyll content was found in different lines under con-
trol conditions and during IND. Unsurprisingly, ion
leakage measured in lines HspP5CS2 and HspP5CS5
was 79% and 77%, respectively, during the recovery
period, much higher than that in line HspGUS4, which
was 52% (Fig. 2D). These data clearly demonstrate that
high levels of free Pro resulted in decreased tolerance to
high temperature.

To test whether Pro accumulation upon induction
is causing growth inhibition, we transferred 37�C-
induced wild-type, HspGUS4, and HspP5CS lines
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directly to 22�C. The result showed that without heat
treatment at 50�C, the growth of HspP5CS lines was
not significantly different from that of the wild type
and HspGUS (Supplemental Fig. S1).
The P5CS knockout mutant has been shown to be

deficient in salt-induced Pro accumulation and in salt
tolerance (Székely et al., 2008). Therefore, we tested
whether this mutant is also affected in sensitivity to HS.
As shown in Supplemental Figure S2, following the
same procedure of heat treatment, p5cs1-1 did not sig-
nificantly differ from the wild type in heat sensitivity.

Oxidative Damage and Antioxidant Enzymes

In plants, ROS has been demonstrated to cause
oxidative damage to the cell membrane during various
environmental stresses, including extreme tempera-
ture (Larkindale and Knight, 2002; Apel and Hirt,
2004). Even very short HS is able to bring about the

increase of ROS, among which hydrogen peroxide
(H2O2) and superoxide (O2

2) are believed to be the
most important components (Apel and Hirt, 2004).

To explore whether decreased heat tolerance in Pro-
accumulating lines is related to ROS generation during
HS, seedlings were analyzed for H2O2 and O2

2 levels
by 3,3#-diaminobenzidine (DAB) and nitroblue tetra-
zolium (NBT) staining, respectively, during different
stages of heat treatment. Low levels of H2O2 and O2

2

were detected in both HspP5CS lines and the control
line during the control and INDperiods.However,H2O2
andO2

2 levels increaseddramatically inHspP5CS lines,
in comparison with only a minor increase in the control
line and the wild type after 24 h of recovery from HS
(Fig. 3, A and B).

Malondialdehyde (MDA) level, often used as an
index for lipid peroxidation, was also measured. Dur-
ing the recovery stage after heat treatment, MDA
content in HspP5CS lines was two to four times as

Figure 1. Construction of plasmid vectors, the mRNA expression of AtP5CS1, and determination of free Pro content. A,
Schematic presentation of vectors pHspGUS and pHspP5CS. LB, Left border; RB, right border. B, Expression level of AtP5CS1 in
wild-type (WT), HspGUS4, and transgenic lines, as determined by semiquantitative RT-PCR. C, Measurement of free Pro content
in all stages. FW, Fresh weight. D, Schematic drawing of the experimental design for HS. CK, Control; IND, Pro induction at 37�C
for 24 h; HS, heat stress at 50�C for 4 h after Pro induction; RE, recovery from HS. For semiquantitative RT-PCR analysis and Pro
accumulation measurements, seedlings were recovered for 24 h. The IND and HS treatments started after 8 h of light, with the
same photoperiods and light conditions as for the control. Results were calculated from measurements of at least three repeats.

Proline Accumulation and Heat Stress in Arabidopsis

Plant Physiol. Vol. 156, 2011 1923



much as that in the wild type and HspGUS4 (Fig. 3C).
However, there was no visible difference found during
the control and IND periods. These results suggested
that the heat sensitivity of Pro-accumulating lines was
probably caused, at least in part, by oxidative damage.

Plants have multiple strategies to prevent oxidative
damage to cells, accomplished by enzymatic and non-
enzymatic antioxidants. Superoxide dismutase (SOD),
peroxidase, catalase (CAT), glutathione reductase (GR),
and ascorbate peroxidase (APX) are among the enzy-
matic antioxidants. It is well known that dismutation
of O2

2 catalyzed by SOD produces H2O2 and oxygen.
CATexterminates H2O2 and is thought to be one of the
most important antioxidant enzymes. GR and APX
act in the stress-regulated glutathione-ascorbate cycle.
The activities of these enzymes have been proved to be
inducible by the rise of intracellular ROS levels (Apel
and Hirt, 2004).

To gain more insights into the differences in the en-
zymatic antioxidative system in response to heat treat-
ment betweenHspP5CS andHspGUS lines, the activities
of SOD, guaiacol peroxidase (GPX), CAT, GR, and APX
weremeasured (Fig. 4). SOD, GPX, and CAT displayed
increased activities in all the lines after heat treatment,
but the increase was more significant in HspP5CS lines
than in the wild type and HspGUS4. GR and APX ac-
tivities showed only a marginal difference between
HspP5CS lines and the wild type in both normal
growth and HS conditions.

Characterization of Gene Expression

To elucidate the mechanisms underlying Pro-
induced heat sensitivity, we have characterized the ex-

pression of several genes in HspGUS4 and HspP5CS2
through quantitative real-time PCR. The genes known
to be involved in plant heat response, such as heat
shock transcription factor A7a (HsfA7a), HSP17.6II,
HSP101, HSP110, and APX2, were selected (Hong
and Vierling, 2000; Sun et al., 2001; Larkindale and
Vierling, 2008). It has been reported that some plant
hormones, such as ABA, ethylene, and SA, are in-
volved in heat response signaling (Larkindale and
Knight, 2002; Larkindale et al., 2005). Therefore,
genes related to the synthesis of these hormones,
such as ABA2, nine-cis-epoxycarotenoid dioxygenase
3 (NCED3), 1-aminocyclopropane-1-carboxylate syn-
thase 5 (ACS5), and isochorismate synthase 1 (ICS1),
were also chosen. The expression of the genes in the
Pro metabolic pathway, such as P5CR, PDH, and
P5CDH, was also analyzed to understand the modifi-
cation of Pro metabolism itself during HS. The expres-
sion level of the genes was measured at four stages,
namely control, IND, HS, and RE, in HspP5CS2 and
HspGUS. As shown in Figure 5, the transcript levels of
HSP17.6II and HSP101 were higher in HspP5CS2 than
that in HspGUS4 only during the RE stage (Fig. 5, A
and B). The expression of HSP110 was higher during
the IND and RE stages, correlated with the fact that
HspP5CS2 was more severely injured than the control
(Fig. 5C). T-DNA insertionalmutants ofAPX2 andHsfA7a
have been reported to be sensitive to HS (Larkindale
and Vierling, 2008), suggesting that APX2 and HsfA7a
are important for heat resistance. Our data demon-
strated that compared with HspGUS4, the expression
of both APX2 and HsfA7a in HspP5CS2 was lower
under the HS condition but was higher during RE (Fig.
5, D and E), correlated with the heat-hypersensitive

Figure 2. Heat response in trans-
genic lines and the control line.
After HS, the seedlings were al-
lowed to recover for 96 h and pho-
tographed (A), relative survival rate
was calculated according to the
equation relative survival = survival
rate (IND or RE)/survival rate (con-
trol [CK]) 3 100% (B), chlorophyll
content was determined (C), and
ion leakage was measured (D).
Data are means 6 SE of at least
three independent experiments.
FW, Fresh weight; WT, wild type.
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phenotype of HspP5CS. In agreement with a previous
study (Hua et al., 1997), AtP5CR showed significant
up-regulation in both lines during induction and theHS
stage. Interestingly, AtPDH expression increased grad-
ually during different stages only in line HspP5CS2,
probably due to the induction by accumulated Pro. On
the contrary, AtP5CDH expression was repressed dur-
ing the IND stage in both lines and restored to normal
levels during HS and RE in control line HspGUS4 but
not in HspP5CS2 (Fig. 5, F–H).
The expression of the SA biosynthetic gene ICS1was

found to be constant in HspGUS4 during all stages
but repressed in HspP5CS2 during the HS and RE
stages (Fig. 5I). The expression of AtNCED3, an im-
portant gene in ABA biosynthesis, was induced only
in HspP5CS2 during the IND and RE stages (Fig.
5L). Another ABA biosynthetic gene, ABA2, was sup-
pressed during the processes of the experiment and
was more suppressed in HspP5CS2 during the HS
stage, which was restored to control level during RE,
whereas in HspGUS4, the expression of ABA2 de-
clined continuously (Fig. 5K). AtACS5 is a member of
ACS family, which has been implicated in the plant
response to high temperature (Wang et al., 2005). The

expression of AtACS5 was clearly induced in both
HspP5CS2 and HspGUS4. In HspP5CS2, the induction
of AtACS5 was to a lesser extent during the IND and
HS stages but was higher during RE compared with
that in HspGUS4 (Fig. 5J). This implied that insuffi-
cient ethylene production during HS may be partly
responsible for the heat hypersensitivity of HspP5CS2.

Pro/P5C Cycle

The Pro/P5C cycle, which was well characterized
in mammalian cells, was recently reported to be also
operative in plant cells. That is, the P5C generated
from Pro oxidation in mitochondria can be transported
to cytosol, where it is converted back to Pro by P5CR.
This cycle helps to maintain the intracellular Pro-to-
P5C ratio and may play roles in many physiological
processes (Miller et al., 2009). When Pro was over-
produced, such as in HspP5CS lines during HS, the
activity of the Pro/P5C cycle would increase, com-
pared with that in HspGUS4, as AtPDH expression
was induced in HspP5CS lines (Fig. 5G), coinciding
with the reduced expression of AtP5CDH. This might
increase the chance that the electron generated from

Figure 3. ROS level in HspP5CS and HspGUS4 lines during different stages of heat treatment. To detect O2
2 and H2O2, 12-d-old

seedlings were stained with NBT (A) and DAB (B), respectively. Levels of lipid peroxidation (MDA) were also measured (C). Results
were obtained from measurements in at least three independent experiments. CK, Control; FW, fresh weight; WT, wild type.
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Pro oxidation would overflow from the mitochondria
electron transport chain into the generation of ROS. To
analyze whether there is a difference in mitochondrial
ROS levels between HspP5CS2 and HspGUS4, the
roots of HspGUS4 and HspP5CS2 were stained with
MitoSox-Red and MitoTracker-Deep Red for O2

2 de-
tection in mitochondria and mitochondrial locali-
zation, respectively. As shown in Figure 6, similarly
weak MitoSox-Red fluorescent signal was detected
under control and IND conditions in both HspGUS4
and HspP5CS2 (Fig. 6, A–D). The fluorescent signal
increased in both lines during RE after HS, but
more significantly in HspP5CS2 than in HspGUS4
(Fig. 6, E and F). Interestingly, addition of Pro (50 mM)
to HspGUS4 before HS to mimic the situation in
HspP5CS2 enhanced the fluorescent signal (Fig. 6G),
suggesting that Pro overaccumulation enhances ROS
generation in mitochondria during HS.

Ethylene Signaling May Be Affected

Ethylene has been demonstrated to be involved
in the heat response by enhancing the activities of
ROS-scavenging enzymes and thus protecting plants
against heat-induced oxidative damage in Arabidopsis
(Larkindale and Knight, 2002; Larkindale and Huang,
2004). Our results with AtACS5 expression (Fig. 5J)
suggested that attenuated ethylene signaling is prob-
ably affected by Pro accumulation. To confirm this
possibility, 50 mM 1-aminocyclopropane-l-carboxylic
acid (ACC), the product of ACS in the ethylene bio-
synthetic pathway, was added into the medium just
before HS. Exogenous ACC could significantly enhance
the survival rate of HspP5CS2 (P, 0.05), although that
of HspP5CS5 was not as significant. However, exog-
enous ACC has failed to improve the survival rate
HspGUS4 (Fig. 7A). This result suggested that Pro
accumulation during HS impaired ethylene biosynthe-
sis, probably contributing to the heat hypersensitivity.

To investigate whether ethylene biosynthesis is ac-
tually affected by Pro accumulation during HS, ethyl-
ene production during all stages were measured. As
shown in Figure 8A, during the HS stage, ethylene pro-
ductionwas gradually induced in control lineHspGUS4
and reached a significantly higher level than in
HspP5CS2 during the HS stage (P , 0.05). During
the RE stage, ethylene content in HspP5CS2 was sig-
nificantly higher than that in HspGUS4, probably due
to the fact that HspP5CS2 was more severely injured
than the control.

ABA Signaling May Be Affected

ABA-insensitive mutants (abi1 and abi2) and ABA-
deficient mutants (aba1 and aba2) have previously been
shown to have much higher MDA contents and much
lower survival rates than did the wild type under
high-temperature conditions (Larkindale et al., 2005).
To evaluate whether ABA signaling is also affected by
Pro accumulation during HS, 12-d-old seedlings of

Figure 4. Activities of ROS-scavenging enzymes in different transgenic
lines during heat treatment. Activities of SOD (A), CAT (B), APX (C),
GPX (D), and GR (E) in 12-d-old seedlings were determined. Data are
means6 SE of at least three independent experiments. CK, Control; FW,
fresh weight; WT, wild type.
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HspP5CS2 and HspP5CS5 were treated with exoge-
nous ABA before heat treatment at 50�C. After recovery,
the relative survival rates in ABA-pretreated HspP5CS2
and HspP5CS5 seedlings were 62.5% and 66.7%, re-
spectively, significantly higher than those in corre-
sponding controls treated with ethanol (Fig. 7A), the
solvent we used to dissolve ABA. On the contrary, ABA
treatment did not significantly enhance the heat toler-
ance of HspGUS4.
To test whether endogenous ABA is involved in

Pro-mediated heat sensitivity, we developed an assay
using exogenous Pro to mimic endogenously pro-
duced Pro in mediating heat sensitivity. As heat treat-
ment generally causes the seedlings to bleach, we

measured chlorophyll content as an indication of heat
injury. As shown in Figure 7B, after heat treatment, the
wild-type seedlings grown on the medium containing
L-Pro showed decreased chlorophyll content compared
with wild-type seedlings without Pro treatment, and
the relative chlorophyll decreased in a dose-dependent
manner. This suggested that, similar to endogenous
Pro, exogenous Pro can also increase heat sensitivity.
However, the relative chlorophyll content of the ABA-
deficient mutant aba2 is already low without Pro
treatment, similar to that of the wild type with Pro
treatment, supporting that aba2 is more heat sensitive.
Interestingly, unlike in the wild type, the addition of
exogenous Pro had almost no effect on the relative

Figure 5. Analysis of gene expression by real-time PCR. Fold change of expression levels of genes (HSP17.6II, HSP101, HSP110,
APX2, HsfA7a, P5CR, PDH, P5CDH, ICS1, ACS5, ABA2, and NCED3) was detected by quantitative real-time PCR. The raw data
(cycle threshold values) were normalized usingACTIN2 as an internal reference, of which the results ofHSPswere log2 transformed.
Data are means 6 SE of at least three independent experiments. This is a representation of at least two replicates. CK, Control.
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chlorophyll content in aba2, suggesting that ABA bio-
synthesis may be inhibited by Pro accumulation dur-
ing HS.

Therefore, we further measured ABA content in
HspP5CS2 and HspGUS4 during different stages

(Fig. 8B). Under IND conditions, ABA content did not
increase in both HspP5CS2 and HspGUS4. However,
during the HS stage, there was a rise in ABA production
in HspGUS4 but not significantly in HspP5CS2. After
recovery for 24 h, ABA content increased in both lines,
with the increase in HspP5CS2 being more dramatic,
whichwas consistentwith the phenotype thatHspP5CS2
was more severely damaged than HspGUS4. These find-
ings suggested that Pro accumulation during HS may
disturb ABA biosynthesis, resulting in heat sensitivity.

On the other hand, SA pretreatment did not have
any effects on the heat tolerance in HspGUS and
HspP5CS lines (Fig. 7A). Pro had a similar effect on
the heat sensitivity in sid2 (mutated in ICS1) and the
wild type (Fig. 7B), implying that SA signaling seems
not to be involved in Pro-induced heat sensitivity.

DISCUSSION

In this report, we have studied the effect of Pro
accumulation on heat tolerance using transgenic Arab-

Figure 6. Mitochondrial O2
2 generation in roots of HspGUS4 and

HspP5CS2 seedlings during HS. Columns from left to right are as
follows: light image, mitochondria localization in blue pseudocolor
stainedwithMitoTracker-Deep Red, O2

2 generation in red pseudocolor
stained with MitoSox-Red, and the merged fluorescence. Staining was
performed with lines HspGUS (A, C, E, and G) and HspP5CS (B, D, F,
and H) during control conditions (A and B), the Pro-inducing period (C
and D), and the recovery stage after heat treatment at 50�C without (E
and F) or with (G and H) exogenous Pro pretreatment. Bars = 50 mm.

Figure 7. Effects of ABA, SA, and ethylene on Pro-induced heat sen-
sitivity. A, After inducing Pro, seedlings were pretreatedwith 100mM ABA,
50 mM ACC, or 10 mM SA, and the respective solvent, as indicated, for 2 h
before HS. Relative survival rate was calculated after 96 h of recovery.
Relative survival rate was expressed according to the following equation:
relative survival = survival rate (RE)/survival rate (control [CK]) 3 100%.
ABA was dissolved in ethanol, and all other compounds were dissolved
in liquid MS medium. B, The effect of Pro on chlorophyll content of aba2
and sid2 during HS. Four-day-old seedlings grown vertically on MS
medium containing exogenous L-Pro were transferred to 50�C for 2 h.
After recovery for 96 h, chlorophyll content was measured, and relative
chlorophyll was calculated as follows: chlorophyll (treated seedlings)/
chlorophyll (control seedlings) 3 100%. Data are means 6 SE of at least
three independent experiments. FW, Fresh weight; WT, wild type.
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idopsis plants ectopically expressing AtP5CS1 in a
heat-inducible manner. Since in wild-type Arabidopsis
plants AtP5CS1 is not induced by heat treatment and
neither is Pro accumulation (Yoshiba et al., 1995; Hua
et al., 2001), these transgenic lines provided ideal ma-
terials for specifically evaluating the effect of Pro accu-
mulation during HS without disturbing normal growth
and development. Pro measurement indicated that Pro
level is not altered under normal growth conditions but
increases up to 6-fold under HS in line HspP5CS2,
comparable to the Pro level under salt stress; in other
lines, however, such as HspP5CS5, HspP5CS6, and
HspP5CS9, the Pro accumulation is relatively lower.
These result suggested, on the one hand, that the
unaltered expression of P5CS1 is probably one of the
major limiting factors for Pro not accumulating in
Arabidopsis during HS, and on the other hand, that
the lower accumulation of Pro in the majority of the
lines is probably due to the induced expression of
PDH. In our experiment, care has been taken to avoid
any possible changes in water status during all the
stages of heat treatment (data not shown). Therefore,
Pro accumulation in transgenic lines was not owing to
the desiccation resulting from HS.
Pro accumulation has been well documented to

play positive roles in enhancing plant tolerance to
many environmental stresses, such as osmotic, salt,
heavy metal, cold, UV radiation, and oxidative stress
(Saradhi et al., 1995; Nanjo et al., 1999a; Hong et al.,
2000; Molinari et al., 2007; Wang et al., 2009). However,
its role during HS has seldom been reported. Our
results indicated that Pro accumulation is harmful to
plants under HS, manifested by lower survival rate,
higher ion leakage, higher ROS and MDA levels, and

increased activity of the Pro/P5C cycle in HspP5CS
lines, in agreement with previous data that exogenous
Pro can exaggerate the inhibitory effects of HS on
seedling growth in Arabidopsis (Rizhsky et al., 2004).
In our experiments, all HspP5CS lines and control line
HspGUS4 showed similar basal thermotolerance with-
out Pro induction (data not shown), suggesting that
Pro accumulation is responsible for the reduced ther-
motolerance.

Therefore, it seems that Pro is not always helpful for
plants subjected to environmental stresses. This poses
interesting questions. Why is Pro accumulation bene-
ficial during some stresses but not others? Are there
any common features in stresses where Pro accumu-
lation is protective? One interesting finding is that the
expression of the PDH gene is induced in HspP5CS
lines during HS by accumulated Pro. Pro, the substrate
of PDH, is an inducer for PDH expression under nor-
mal growth conditions. However, during salt and
drought stress, the expression of PDH is normally sup-
pressed, in spite of the Pro accumulation. It has been
proposed that there might be a mechanism that can
override the Pro inducibility toward PDH expression,
functioning to suppress PDH expression (Verbruggen
et al., 1996). Therefore, the suppression of PDH ex-
pression may have served dual roles during salt and
drought stresses. The first is to facilitate the accumu-
lation of Pro by reducing its degradation. The second
is to avoid the consequences of Pro degradation, which
are reported to be coupled with the mitochondrial
electron transport chain capable of producing ROS
(Miller et al., 2009). Our results of mitochondrial ROS
measurement strongly supported this notion. Con-
tradictory to the above proposition, Larkindale and
Vierling (2008) reported that two insertional mutants
of AtPDH, with higher Pro content and presumably
reduced PDH activity, showed reduced tolerance to
heat treatment. The reason behind this discrepancy is
not clear. One possibility is that Pro itself might also be
toxic during HS.

Another unique feature of HS, differing from other
stresses, is that the expression of AtP5CR, another
enzyme involved in the Pro/P5C cycle, is strongly up-
regulated under heat conditions. This has been illus-
trated by Hua et al. (1997) and is further confirmed by
the quantitative real-time PCR results in our study.
Therefore, the Pro/P5C cycle appeared ready to go
once PDH was induced.

To further confirm the involvement of the Pro/P5C
cycle in Pro-induced heat sensitivity, it would be
helpful to cross our HspP5CS lines to other lines
with potentially reduced Pro/P5C cycle activity and
to analyze the heat sensitivity of the hybrids. Although
pdh mutants are blocked in the Pro/P5C cycle, their
heat hypersensitivity might render them unsuitable
for this purpose. Transgenic lines overexpressing
P5CDH would be a better candidate, since they have
been reported to be more tolerant to Pro toxicity
(Deuschle et al., 2004), possibly by facilitating the
oxidation of P5C into Glu. Alternatively, introducing a

Figure 8. Measurement of ethylene (A) and ABA (B) levels in lines
HspP5CS and HspGUS during different stages of heat treatment. CK,
Control; FW, fresh weight.
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mitochondria-localized SOD, such as MnSOD (Liu
et al., 2005), would also help to illustrate the role of
mitochondrial ROS in Pro-induced heat sensitivity.

It has been previously reported that during a com-
bination of drought and HS, sugar instead of Pro accu-
mulated (Rizhsky et al., 2004). Thus, sugar appeared to
play protective roles during HS. In agreement with
this, we have observed that the increase in soluble sugar
level is significantly lower in HspP5CS lines than in
HspGUS4 and the wild type (data not shown), suggest-
ing that Pro accumulation during HS may have nega-
tive effects on sugar biosynthesis.

Multiple signaling pathways, such as ABA, H2O2,
ethylene, SA, and calcium signaling pathways, are
reported to be involved in defense responses to HS
(Larkindale and Knight, 2002; Liu et al., 2006; Clarke
et al., 2009). Several mutants defective in ABA bio-
synthesis and signaling are more sensitive to HS
(Larkindale and Knight, 2002; Larkindale et al., 2005;
Zimmerli et al., 2008; Dobra et al., 2010). Acquired
thermotolerance induced by b-aminobutyric acid in
Arabidopsis is thought to be correlated with the up-
regulation of ABA signaling components (Zimmerli
et al., 2008). Ethylene has also been demonstrated to
protect Arabidopsis against heat-induced oxidative
damage by enhancing the activities of ROS-scavenging
enzymes (Larkindale and Knight, 2002; Larkindale
et al., 2005). In Arabidopsis, pretreatment with exoge-
nous ACC could decrease the MDA level and enhance
the survival rate during subsequent HS (Larkindale
and Knight, 2002). The ethylene signaling mutants eth-
ylene resistant1 and ethylene insensitive2 show decreased
tolerance to lethal HS under high-light conditions
(Larkindale et al., 2005).

In our study, ABA and ethylene biosynthesis were
partially impaired by Pro accumulation during HS.
The expression of the ABA biosynthetic gene ABA2
and the ethylene biosynthetic gene ACS5 during HS
was significantly lower in HspP5CS lines than in
HspGUS4, correlated with reduced levels of the re-
spective hormones. In addition, pretreatment of exog-
enous ABA and ACC improved the thermotolerance
of the Pro-accumulating HspP5CS lines but not in
HspGUS4. Moreover, in aba2, Pro could not further
reduce its thermotolerance, probably because Pro can-
not inhibit ABA biosynthesis further. Interestingly, a
transient decrease in ABA content after 2 h of 40�C HS
has been recorded in tobacco plants constitutively
overproducing Pro (Dobra et al., 2010). Therefore, it is
possible that the lower levels of ABA and ethylene in
HspP5CS2 during HS may contribute to Pro-induced
heat sensitivity. However, how Pro accumulation af-
fects ABA and ethylene levels remains to be investi-
gated.

In summary, our data demonstrate that Pro accu-
mulation during HS is detrimental for plant growth.
Pro is not always a compatible solute during environ-
mental stresses. It may well be a toxic compound under
certain stress conditions where it does not naturally
accumulate.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) wild-type and transgenic plants

used in this study were in the Columbia background. Wild-type and trans-

genic seeds were surface sterilized with 10% sodium hypochlorite for 15 min

and rinsed seven times in sterile, distilled water. Seeds were cultured in petri

dishes (9.0 cm in diameter) on Murashige and Skoog (MS) medium (MS salts,

MS vitamins, 1% Suc, and 0.8% agar, pH 5.8). After being stored at 4�C for 72 h,

seeds were germinated in a growth chamber at 22�C under a 16-h-light (120

mmol m22 s21)/8-h-dark regime.

Vector Construction and Transformation of Arabidopsis

A 1,085-bp promoter fragment of HSP17.6II was amplified from Arabidopsis

genomic DNA with two primers (forward primer, 5#-CCCGGGTTGCA-

GAAATTATTACTGTTC-3#; reverse primer, 5#-GAATTCTCCTAAATCCATTGT-

TAGTTG-3#; the SmaI and EcoRI sites, respectively, are underlined). TheHSP17.6II

promoter fragment was digested with SmaI and EcoRI and cloned into the same

restriction sites in pBI101 in front of a GUS reporter gene, yielding pHspGUS

containing the HSP17.6II promoter:GUS construct. The 2,154-bp coding region of

AtP5CS1 cDNAwas amplified by PCR from poly(A)-primed reverse-transcribed

total RNA with two primers (forward primer, 5#-GAATTCATGGAGGAGCTA-

GATCGTTC-3#; reverse primer, 5#-GAGCTCTTAAGCTTGGATGGGAATGT-3#;
the EcoRI and SacI sites, respectively, are underlined). The cDNA fragment was

digested with EcoRI and SacI and used to replace the GUS gene in pHspGUS,

yielding pHspP5CS with AtP5CS1 driven by the HSP17.6II promoter. Transgenic

lines were generated by Agrobacterium tumefaciens-mediated transformation as

described previously (Clough and Bent, 1998) and selected on 50 mg L21

kanamycin. The kanamycin-resistant plants were used to breed the next gener-

ation. Homozygous T3 generation plants with a single copy of the transgene

were used in this study.

Semiquantitative RT-PCR and Quantitative

PCR Analysis

Semiquantitative RT-PCR

Total RNA extracted from 12-d-old seedlings was reverse transcribed by

SuperScript II (Invitrogen) according to the manufacturer’s instructions. The

gene-specific primers were as follows: AtP5CS1 (At2g39800), 5#-AGTC-

TATGCTTGATTTGAGGGT-3# (forward) and 5#-AAGCTCATTAAGCACAG-

CATTC-3# (reverse); AtHSP17.6II (At5g12020), 5#-TCACGAGTTTACAT-

GCGAGA-3# (forward) and 5#-ACCATATCCCTCACGCATTC-3# (reverse);

ACTIN7 (At5g09810; internal reference), 5#-TGGACAAGTCATAACCAT-

CGG-3# (forward) and 5#-TGTGAACAATCGATGGACCTGAC-3# (reverse).

PCR was then performed using first-strand cDNA as a template under

conditions of an initial denaturation at 94�C for 5 min followed by 25 cycles

of denaturing at 94�C for 30 s, annealing at 58�C for 30 s, extending at 72�C
for 60 s, and a final extension at 72�C for 10 min. One percent agarose gel

electrophoresis was performed to measure the expression of AtP5CS.

Quantitative PCR

RNA from HspGUS4 and HspP5CS2 samples was treated with DNase I to

remove remnant genomic DNA. The total RNAwas converted into cDNA by

SuperScript II according to the manufacturer’s instructions. Real-time PCR

was optimized and performed in triplicate using a SYBR Green Real-Time

PCR Master Mix (QPK-201; Toyobo) on a Mx3000P thermocycler under

conditions of an initial denaturation at 95�C for 2 min followed by 40 cycles

of denaturing at 95�C for 15 s, annealing at 59�C for 20 s, and extending at

72�C for 15 s. Quantification was performed using the 22DDCT method, and the

data were normalized through the quantity of the reference gene ACTIN2

(At3g18780). The dissociation curves were analyzed in all amplifications. The

sequences of all gene-specific primers are listed in Supplemental Table S1.

Pro Induction and HS Tolerance Analysis

To induce Pro, 12-d-old seedlings were placed in a chamber at 37�C for

24 h. Samples were harvested, frozen at280�C, and ground in liquid nitrogen.

Free Pro content was measured by colorimetric assay (Bates et al., 1973).

Lv et al.
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For heat tolerance evaluation, after inducing Pro, 13-d-old seedlings were

transferred to 50�C for 4 h and then returned to 22�C. Plants were photo-

graphed, and survival rate was assessed after recovery at 22�C for 96 h.

MDA Assay

After 24 h of recovery, samples were harvested and MDA level was

assayed as described (Zhang et al., 2009a). Seedlings frozen in liquid nitrogen

were ground and homogenized with 1.5 mL of 20% (w/v) TCA and centri-

fuged at 10,000g for 5 min. A 1-mL aliquot of the supernatant was added with

2 mL of thiobarbituric acid solution (0.5% [w/v] in 20% TCA). The mixture

was heated at 95�C for 15 min, quickly cooled in an ice bath, and then

centrifuged at 12,000g for 10 min. The absorbance of the supernatant was

monitored at 450, 532, and 600 nm. The concentration of MDA was mea-

sured according to the following equation: concentration (mmol L21) = 6.45 3
(OD532 2 OD600) 2 0.56 3 OD450, where OD stands for optical density.

Determination of Chlorophyll, and Electrolyte

Leakage Measurement

Tissues were homogenized in 8 mL of 80% (v/v) acetone, and chlorophyll

was extracted for 72 h at 4�C in the dark. The supernatant was quantified

through monitoring the absorbance at 663 and 645 nm using a spectropho-

tometer (Zhang et al., 2008). Absolute chlorophyll content was calculated ac-

cording to the following equation: total chlorophyll (mg L21) = 8.023 OD663 +

20.21 3 OD645, where OD stands for optical density.

For electrolyte leakage measurement, seeds were sown on soil and grown

in a chamber at 22�C under a 16-h photoperiod. Four-week-old plantlets were

measured according to described methods (Clarke et al., 2004) with some

modifications. Samples were weighed and washed three times in deionized

water and then immersed into 25 mL of deionized water at 25�C. After 24 h,

the conductivity of the solution was measured using a conductivity meter

(initial conductivity). The tube was heated at 95�C for 15 min and cooled in an

ice bath, and conductivity was remeasured (final conductivity). The relative

ion leakage was calculated according to the following equation: ion leakage =

initial conductivity/final conductivity 3 100%.

H2O2 and O2
2 Radical Detection

H2O2 level was measured by DAB staining. Seedlings were immersed in

freshly prepared 0.1% (w/v) DAB-HCl (pH 3.8) solution, vacuum infiltrated,

and then incubated in darkness at 22�C for 10 h. After incubation, the seedlings

were placed in acetic acid:glycerol:ethanol (1:1:3, v/v/v) solution at 95�C for 10

min and then stored in 95% ethanol until photographed (Orozco-Cardenas and

Ryan, 1999). The detection of O2
2 was done by NBT staining (Kawai-Yamada

et al., 2004). Seedlings were placed in 0.1% (w/v) NBT in 10 mM potassium

phosphate buffer (pH 7.8) containing 10 mM NaN3, vacuum infiltrated, and

then incubated in darkness at 22�C for 1 h. Stained plants were bleached in a

solution containing acetic acid:glycerol:ethanol (1:1:3, v/v/v). After boiling for

5 min, samples were stored in 95% ethanol until photographs were taken.

Measurement of Enzyme Activities

Seedlings (1 g) were homogenized at 4�C with 100 mM potassium phos-

phate (pH 7.0) containing 0.1 mM EDTA and 1% polyvinylpyrrolidone (for

APX extraction, 0.5 mM ascorbate was supplemented). The homogenate was

centrifuged at 15,000g at 4�C for 20 min. The supernatant was used as the

crude extract for the assay of enzyme activities.

SOD activity was assayed by monitoring the inhibition of the photochem-

ical reduction of NBT (Beauchamp and Fridovich, 1971). The 3-mL reaction

mixture contained 50 mM phosphate buffer (pH 7.8), 13 mM Met, 2 mM

riboflavin, 100 mM EDTA, 75 mM NBT, and 30 mL of enzyme extract. Riboflavin

was added last, and the reaction was started by switching on the light and

allowed to run for 20 min. One unit of SOD activity was defined as the amount

of enzyme required to cause 50% inhibition in the reduction of NBT.

CAT activity was measured by monitoring the disappearance of H2O2

(extinction coefficient of 39.4 mM
21 cm21) at 240 nm for 180 s (Lu et al.,

2007). The reaction mixture contained 100 mM potassium phosphate buffer

(pH 7.0) and plant extract. The reaction was initiated by the addition of 10 mM

H2O2, and 1 unit of CAT activity was defined as mM H2O2 degraded per min.

GPX activity was assayed on the basis of guaiacol oxidation using H2O2

(extinction coefficient of 26.6 mM
21 cm21) at 470 nm for 180 s (Wu et al., 2009).

The reaction mixture containing 100 mM potassium phosphate buffer (pH 7.0),

1 mM guaiacol, and 0.3% H2O2, and enzyme extract. One unit of GPX activity

was defined as mM guaiacol oxidation per min.

GR activity was determined following the disappearance of NADPH

(extinction coefficient of 6.2 mM
21 cm21) at 340 nm (Rao, 1992). The reaction

mixture contained 100 mM potassium phosphate buffer (pH 7.8), 2 mM EDTA,

0.2 mMNADPH, 0.5 mM oxidized glutathione, and enzyme extract. One unit of

GR activity was defined as mM NADPH oxidation per min.

APX activity was measured by monitoring the rate of H2O2-dependent

oxidation of ascorbate (extinction coefficient of 2.8 mM
21 cm21) at 290 nm for

3 min (Chen and Asada, 1989). The reaction mixture consisted of 50 mM

potassium phosphate buffer (pH 7.5), 0.5 mM ascorbate, and 0.2 mM H2O2. One

unit of APX activity was defined as mM ascorbate oxidized per min.

Measurement of Ethylene Production

Ethylene level was measured with a gas chromatograph as described

(Zhang et al., 2009b). Seedlings were placed in a 20-mL vial. After fumigation

for 2 h, 1-mL samples of the air inside the vials were used for the determi-

nation of ethylene content with a gas chromatograph (Hitachi).

ABA Extraction and Determination

ABA concentration in seedlings was determined by HPLC as described

(Mwange et al., 2003). Seedlings (0.5 g) were finely ground in liquid N2, and

2.5 mL of cold acetonitrile containing 1 mM 2,6-di-tert-butyl-methyl phenol

was added. After homogenization in an ultrasonic processor for 30 min, ABA

was extracted on ice for 12 h and then centrifuged at 4�C for 10 min. A total of

1.5 mL of the supernatant was evaporated in a Speedvac concentrator. The

samples were resuspended in 1 mL of 0.4 M phosphate buffer (pH 8.0), and 80

mg of polyvinylpolypyrrolidone was added in the solution. After vortexing

for 20 s, the extracts were centrifuged at 4�C for 10 min, and a 0.5-mL aliquot

of the supernatant was adjusted to pH 3.0 using pure methanoic acid. The

solution was then extracted by 0.5 mL of ethyl acetate three times. A total of

1.5 mL of the extract was evaporated in a Speedvac concentrator and then

dissolved in 0.5 mL of mobile phase (methanol:0.5% acetic acid, 45:55).

Samples were injected on a reverse-phase Luna C18 column (5-mm particle

size, 4.6 3 250 mm; Waters 510) with the flow rate of 0.8 mL min21 after

filtration through a 0.45-mm membrane filter. Elution from the column was

monitored with a Waters 2487 Dual l absorbance detector at a wavelength of

254 nm. Quantification was obtained by comparing the peak areas with those

of known amounts of ABA (Sigma).

Detection of Mitochondrial O2
2

Roots of the seedlings were immersed in 5 mM MitoSox-Red work solution

(Molecular Probes, Invitrogen) and then incubated for 25 min at 37�C in

darkness. Subsequently, seedlings were washed gently three times with liquid

MS medium and stained with 250 nM MitoTracker-Deep Red (Molecular

Probes, Invitrogen). After incubation for 15 to 45 min at 37�C in darkness, the

seedlings were washed gently with liquid MS medium (Miller et al., 2009).

Fluorescence was imaged using a confocal microscope (Leica; TCS, SP5) with

excitation/emission of 514/580 nm and 633/680 nm for MitoSox-Red and

MitoTracker-Deep Red, respectively.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Effects of Pro accumulation on Arabidopsis

seedlings in the absence of HS.

Supplemental Figure S2. Heat response of the p5cs1-1 mutant.

Supplemental Table S1. Primers used in quantitative real-time PCR.
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