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Jatropha curcas is a promissory species for biodiesel production. Chilling and freezing stress are major
environmental constraints for its establishment as a result of the injury provoked on leaf photosynthetic
apparatus. This study is aimed at evaluating the impact of chilling (40h at 4°C) and freezing (2h at
-1, =2 and —3°C) on maximum leaf photosynthesis (Amax), in relation to stomatal conductance (g;)
and photochemical activity. Two similar experiments were conducted in pots outdoors; treatments were
performed in climate chambers at the stage of four expanded leaves per plant, and then returned outdoors.
Leaf gas exchange, water status and fluorescence variables were measured at 1 and 30 days after the end
of the treatments (DAT). At 1 DAT, Amax and gs were reduced up to 75% and 100% in chilling and freezing
treatments, respectively. However, the intercellular CO, concentration (C;) showed an inverse pattern,
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Chilling
Freezing discarding a determinant role in An.x reductions. A lower efficiency electron use for photosynthesis
Biodiesel was detected for plants subjected to chilling and freezing stress. The potential efficiency of PSII (Fv/Fm),

chlorophyll content (Chl) and relative water content (RWC) were only affected by the lowest freezing
treatments, while chilling and intermediate freezing plants showed an increase of the non photochemical
quenching (NPQ). Leaf death occurred in the lowest freezing treatments, while several residual effects
on Amax, & and electron transport rate (ETR) were also observed at 30 DAT in the survival plants. This
work sheds light on the determinant processes involved in the depletion of photosynthesis by chilling
and freezing injuries, revealing that low temperatures have persistent and detrimental effects on J. curcas
crop establishment.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Jatropha curcas L. is a perennial shrub belonging to the fam-
ily of the Euphorbiaceae and native to tropical America. This
species is a promising non-edible crop for biodiesel produc-
tion as it satisfies the major specifications of biodiesel standards

Abbreviations: DAT, Days after the end of the treatment; DAS, Days after sow-
ing; T¢, Control treatment at outdoors everytime; T,, Chamber control treatment
subjected to continuous 15°C during 48 h; T4, Chilling treatment subjected to 4°C
during 40h; T_;, Freezing treatment subjected to —1°C during 2 h; T_,, Freezing
treatment subjected to —2 °C during 2 h; T_s, Freezing treatment subjected to —3 °C
during 2 h.

* Corresponding author at: Departamento de Produccién Vegetal, Citedra de Cul-
tivos Industriales, Facultad de Agronomia (UBA), Av. San Martin 4453, Buenos Aires
1417, Argentina. Tel.: +54 11 4524 8040/8075; fax: +54 11 4514 8730.

E-mail address: ploschuk@agro.uba.ar (E.L. Ploschuk).

http://dx.doi.org/10.1016/j.envexpbot.2014.02.005
0098-8472/© 2014 Elsevier B.V. All rights reserved.

(Azam et al., 2005; Achten et al., 2008). Nowadays, it is being
incorporated with relative success in some tropical and sub-
tropical areas of Africa and Asia (Openshaw, 2000). This has
made it possible to establish it as a crop in other sites around
the world, although certain environmental conditions such as
temperature regimes may set some limitations to the planta-
tions.

J. curcas has been proposed as a perennial crop for marginal envi-
ronments, due to its ability to grow under harsh conditions (e.g.
scarce rainfall and poor soil), in which most of the traditional grain
crops do not succeed (Silva et al., 2010b). In this respect, several
contributions have been made in relation to the performance of
this species when dealing with water shortage (Kheira and Atta,
2009; Achten et al., 2010; Silva et al., 2010a; Silva et al., 2010b;
Wang et al., 2011; Kesava Rao et al., 2012; Silva et al., 2012a; Silva
et al., 2012b; Fini et al., 2013; Sapeta et al., 2013), salinity (Kumar
etal., 2008; Silvaetal.,2010b; Diaz-L6épez et al.,2012; Rajaonaetal.,
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2012; Silva et al., 2012b; dos Santos et al., 2013), flooding (Gimeno
et al., 2012) and nutrient deficiency (Wang et al., 2011; Fernandes
Rodrigues et al., 2013; Rajaona et al., 2013). All these works have
analyzed the potential of this species to cope with different abi-
otic stresses. However, just a few works attempted to unveil the
effects of low temperatures on the physiological functioning of this
species.

According to its tropical origin, J. curcas is vulnerable to low
temperatures, especially at seedling (Yang et al., 2007; Andrade
et al.,, 2008; Zheng et al., 2009; Windauer et al., 2012) and repro-
ductive stages (Maes et al., 2009). Therefore, its cultivation in areas
affected by low temperatures - both slightly-above and below zero
degrees (i.e. chilling and freezing stress, respectively) - can be
severely restricted. Low-temperature stress may impact on a num-
ber of plant physiological traits, being photosynthesis one of the
processes most sensitive to this stress (Burke et al., 1976; Graham
and Patterson, 1982; Pearce, 2001; Ruelland et al., 2009; Zheng
et al., 2009). In this respect, the few available reports have shown
negative impacts of chilling (Liang et al., 2008; Zheng et al., 2009)
and freezing (Andrade et al., 2008) on photosynthesis in J. curcas
seedlings associated to the damage of photosystem II (i.e. photoin-
hibition).

No information is available about the relative contribution of
photochemical activity and stomatal conductance as determinants
of photosynthesis depletion produced by low temperatures in J.
curcas. The principal effect produced by stomatal closure in other
species is due to the limiting CO, available for the Calvin cycle,
and this is clearly evidenced by a depletion of the intercellular
CO, concentration in stomatal cavity (C;) (Taiz and Zeiger, 1998).
Nevertheless, both photochemical and biochemical dysfunctions
were found under severe drought, suggesting that similar processes
could occur under low temperature stress. If this were the case, high
G; could be accumulated as consequence of internal impairments,
independently of stomatal conductance. This paper addresses this
issue.

Understanding photosynthetic responses of J. curcas seedlings
to chilling and freezing stress is crucial in order to improve its
management as a crop. Photosynthetic responses to low temper-
atures (immediate and after a recovery period) might define its
chances to grow after a stress period, which is closely related
with the success of crop establishment after plantation. Thus, the
aim of this work is to make a contribution to these issues in
seedling of J. curcas exposed to different low-thermal regimes,
including both chilling and freezing. The involved hypotheses are
H1) the lower photosynthesis produced after cold stress is asso-
ciated not only with changes of photosystem II activity but also
with a lower stomatal conductance, and H,) the effect of sto-
matal conductance on photosynthesis is produced by lowering
CO, availability in stomatal cavity (C;) for biochemical reac-
tions.

2. Materials and methods
2.1. General experimental design

Two similar experiments were performed in the experimental
garden of the Faculty of Agronomy of the University of Buenos Aires,
Argentina (34°35’S, 58°29'W) in 2009 (Exp. 1) and 2010 (Exp. 2),
respectively.]. curcas seeds were obtained from a plantation located
in Siete Palmas, Formosa, Argentina (25°13’S, 58°17°'W), which was
originally established from seeds of native trees in 2007. Seeds
were sown in 3/l pots (three seeds per pot) containing a mixture
of local soil and sand (5:4 v:v), on January 8th, 2009 (Exp. 1) and
February 2nd, 2010 (Exp. 2). Seedlings were subsequently thinned
to one per pot. Pots were distributed along rows 0.3 m apart with 30
pots per row, following a completely randomized design (n=24).
In order to avoid nutrient deficiency, each plant was fertilized (5g
per pot) with nitrogen, phosphorus and potassium (15:15:15) at
20 days after sowing (DAS). Pots were hand-weeded and well-
watered to maintain target plants without competition and good
water status condition. Cipermetrine 25% (20 cm? hl~1) and Zineb
70% (20 ghl-1) were applied every 15 days to prevent pest and fun-
gal diseases. Mean daily temperature and radiation records were
taken from an automatic meteorological station (Campbell 21X,
Campbell Scientific, Logan, Utah) located 200 m away from the
experimental site. Air temperature and photosynthetic active radi-
ation (PAR) were monitored at hourly intervals, with a 083E sensor
(Campbell Scientific, Logan, Utah) placed into a white shield and
a Li-190 Quantum sensor (Li-Cor, Lincoln, Nebraska), respectively.
Both sensors were placed at 2 m height.

2.2. Low temperature treatments

Treatments were applied when 50% of the seedlings reached
the stage of four fully expanded leaves (48 and 51 DAS for Exps.
1 and 2, respectively), by transferring them to climate chambers
(Sanyo MIR 253, Sanyo Biomedical, Illinois) with irradiance of
300 wmolm~2s~1 of photosynthetic photon flux density (PPFD).
Climate chambers thermal regimes were manipulated to impose
treatments: chilling simulation (T4), which consisted of seedlings
exposure to 4 °C for 40 h; and three freezing temperatures simula-
tions (T_1, T_» and T_3), which consisted of seedlings exposure to
—1°C, —2°Cand —3°C for 2 h, respectively (Fig. 1).

Acclimating periods of 3h and 12 h at 15 °C were allowed before
imposition of low chilling and freezing treatments, respectively.
Also, for freezing treatments, an additional period of 4 h at 4 °C was
also considered for seedlings acclimation, thus avoiding thermal
shock. At the end of treatments, seedlings were re-exposed to 15°C
for 4 h or 3 h (chilling and freezing, respectively), and moved to the
experimental garden. T_3 treatment was only present in Exp. 1.
Importantly, two groups of seedlings were considered as controls.

T, :
T,] \ 015°C
4 D o]
T, [ 4°C
_ ‘ m-1°C
T, I | I I | m-2°C
Tb m-3°C
T. O Outdoor
0 6 12 18 24 30 36 42 48

Exposition time (h)

Fig. 1. Scheme of treatments arranged in the climatic chambers for the different treatments in the two experiments. Horizontal bars indicate the sequence of different

temperature regimes. T_3 only for Exp. 1.
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A first group remained growing under natural field conditions (T¢),
and a second seedlings group was moved to a climate chamber and
used as a chamber control treatment (T},). The latter consisted of
exposing seedlings to 15°C for 48 h with the purpose of discard-
ing any potential artefact associated to the growing conditions of
the climate chambers. This allowed us to set comparisons among
treatments and experiments in a more reliable way (see a detailed
scheme of treatments in Fig. 1).

All measurements were made at 1 and 30 days after the end of
the temperature treatments (DAT). This allowed us to separate and
to analyse the immediate effects provoked by the treatments, from
those associated with the recovery of seedlings one month after the
stresses imposition.

2.3. Gas exchange and fluorescence measurements

In Exp. 1, photosynthetic rate under saturating irradiance (Amax)
was measured using a Li-6200 Portable Photosynthesis System
(Li-Cor, Lincoln, NE, USA), using a 0.251 chamber attached to
a regulated portable red light power (QB1 205LI-670, Quantum
Devices Inc., Barneveld, WI) at 1500 umol m~2s~! PPFD. Stoma-
tal conductance (gs) was measured using a porometer model AP4
(Delta-T Devices, Cambridge, UK). Air temperature into the cham-
ber during measuring periods was 34.5+0.48°C and 30.9+0.19
(mean =+ standard error, n=30) for 1 and 30 DAT respectively.

In Exp. 2, Amax, &, and C; were measured using a Li-6400
Portable Photosynthesis System (Li-Cor, Lincoln, NE, USA) under
2000 pmolm=2s-! PPFD. Saturating light was provided by the
6400-40 leaf chamber fluorometer using a mix of 80% red and
20% blue light. Air flow, CO, concentration in the reference cham-
ber and block temperature were controlled automatically by the
equipment at 300 wmols~!, 400 wmolmol-! (ppm) and 27°C,
respectively. Modulated fluorescence parameters for light accli-
mated leaves under outdoor conditions (Maxwell and Johnson,
2000; Lichtenthaler et al., 2005) were simultaneously measured
with gas exchange parameters under steady 2000 wmolm=2s-!
PPFD. Leaf acclimation into the chamber was ensured as each
measurement was made after reaching stability with the environ-
ment of the sample cell. Thus, slopes with time (seconds) were
(i) <1 for CO, concentration of the sample cell (CO,S param-
eter, wmolmol~!) and water concentration (H,OS parameter,
mmol mol~1) and (ii) <0.5 for fluorescence signal (F parameter) and
gs (Cond parameter, molm=2s-1).

Calculation of the overall parameters was made using the OPEN
5.2 software (Li-Cor Inc, Nebraska) of the equipment. Parame-
ters measured simultaneously with those for gas exchange were
estimated according with Maxwell and Johnson (2000). Electron
transport rate (ETR), was calculated by the following equation:

ETR = ®pgyp x PPFD, x 0.5 (1)

where ®pg is the actual quantum yield of PSII, PPFD, is the
absorbed light (umol photon m—2s-1) and 0.5 is a factor that
accounts for the partitioning between PSII and PSI. @pgj; was esti-
mated by:

(Fm’ — Ft)
Fm’

Dpgp = (2)
where Fm' is the maximum fluorescence intensity produced byals
saturating flash (PPFD around 7000 pmol m~2 s~1) and Ft is the flu-
orescence intensity at steady-state photosynthesis under a PPFD of
2000 pmol m~2 s~1, Photochemical quenching (qP, the proportion
of open PSII reaction centres) was estimated by the equation:

(Fm’ — Ft)

= (Fm’ — Fo') 3)

qP

where Fo’ is the minimum fluorescence intensity after a dark pulse
of 6s and a far red pulse of 10 wumolm~2 s~ during 5 (started 1s
before the light goes off). The intrinsic efficiency of PSII (Fv'/Fm/, the
quantum efficiency if all PSII centres were open) was also estimated
by the following equation:

Fv  (Fm' —F0)
Fm' Fm'

(4)

Additionally, maximum PSII (Fv/Fm) quantum yield was deter-
mined by an independent set of measurements after 30 min of
acclimation in the dark (Cabrera-Bosquet et al., 2009) by:

Fv  (Fm - Fo)
Fm = Fm )
where Fm is the maximum fluorescence intensity produced by a
1s saturating flash (PPFD around 7000 wmol m~2 s~1) under dark
acclimation and Fo is the minimal fluorescence before the flash
pulse. Mean Fv/Fm values for each treatment were used as inputs
to estimate the non-photochemical quenching (NPQ) for the mea-
surements on light-acclimated leaves by the equation:

(Fm — Fm’)

NPQ=""Fw

(6)
For both experiment, leaf gas exchange and chlorophyll fluores-
cence were measured between 11:00 and 15:00 h on the youngest
fully expanded leaf.

2.4. Chlorophyll and relative water content measurements

Chlorophyll content (Chl) of the youngest fully expanded leaves
was estimated at midday using a portable chlorophyll meter (SPAD
502, Minolta Camera Co., Osaka, Japan). For each replicate (plant),
chlorophyll content was the result of the average of 5 measure-
ments on the same leaf. Relative water content (RWC) was also
measured at midday following the methodology proposed by Barr
and Weatherley (1962), which briefly consisted of three steps. First,
disc samples (2 cm?) from the youngest fully expanded leaf were
cut, and immediately weighed to obtain their fresh weight (FW).
Second, the same discs were allowed to float for 2 h in Petri dishes
with distilled water and, after a gentle blotting to remove water
excess, they were weighed to obtain turgid weight (TW). Finally,
discs were weighed after drying them at 60°C for 48 h until con-
stant dry weight was reached (DW). Having these three parameters,
the RWC was calculated using the following equation:

RWC(%) = W = DW)

= W -Dw) * 10 (7)

2.5. Statistical analyses

For each set of measurements made at 1 and 30 DAT, parameters
were compared using one-way ANOVA. Tukey test comparisons
were performed when significant differences between treatments
were detected. Differences between years for mean temperature
and PAR radiation under field conditions were analysed by Stu-
dent’s t-test.

A piecewise linear regression model was used to estimate the
association between Apax and ETR (Feder, 1975), in order to detect
changes in electron use efficiency for photosynthesis:

Amax = a + b ETR + ¢ (ETR — d) if (ETR > d) (8)

where ais the intercept, b and c are the different slopes of the linear
regressions and d is a breakpoint of the function.
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Fig. 2. Daily mean temperature (black lines) and daily photosynthetic active radi-
ation (PAR, grey lines) for Exp. 1 (2009, solid lines) and Exp. 2 (2010, dashed lines),
along the period when the experiments were arranged. Arrows indicate sowing date
(S), the first measurement date at 1 day after the end of the treatment (DAT), and the
second measurement date made at 30 DAT. Descendent and solid arrows for Exp. 1;
ascendant and dotted arrows for Exp. 2.

3. Results
3.1. Environmental conditions outdoors

Similar environmental regimes were registered for the two sea-
sons (January to April 2009 and 2010, Fig. 2). Average mean daily
temperature was 23.7 +0.3°Cand 22.9 + 0.3 °Cand mean daily PAR
radiation was 8.1+0.33MJm~2d-! and 7.4+0.33M]Jm~2d-! for
2009 and 2010, respectively, (mean =+ standard error, average of
120 days). As expected, both temperature and PAR were higher
in January and gradually decreased as autumn approached. When
temperature and PAR field conditions were contrasted between
experiments in the same ontogenic periods (from sowing to 1 DAT
and 1 DAT to 30 DAT, Table 1), significant differences (P<0.0001)
were found for the overall growing period between years. In gen-
eral terms, plants were subjected to higher temperature and PAR
regimes in Exp. 1, respectively, reaching 4°C and 3MJm~-2d-!
higher than Exp. 1, in the period between 1 and 30 DAT.

3.2. Photosynthesis and stomatal conductance

In both experiments, all cold treatments clearly reduced Amax
and gs values (Fig. 3). At 1 DAT, reductions reached 75% for T4
in Exp. 2, while a drastic impact was found for freezing treat-
ments, reaching null and negative values in T_3 and T_, for Exps. 1
and 2, respectively. Thus, plants did not recover from these freez-
ing treatments, determining the death of leaves and buds and the
impossibility to be measured at 30 DAT.

In contrast, partial recoveries were observed at 30 DAT for T4
and the intermediate freezing treatments of both experiments. In
fact, the negative effects of the chilling and freezing treatments still
persisted, although very low values were also found for controls in
Exp. 1 with respect to those observed for 1 DAT.

As expected, no significant differences were detected between
Tc and Ty, treatments for both Amax and gs, independently of time

Table 1

after treatment application, which indicated that environmental
conditions of climate chambers did not provoke artefacts on the
measured physiological responses.

3.3. Chlorophyll and relative water content

The response pattern observed for chlorophyll clearly differed
from that described above for Amax and gs. Chl values were around
35 and 45 Spad units for Exps. 1 and 2, respectively, for Tc, Ty, T4
and T_; treatments, although a similar response was found in T_,
treatment only in Exp. 1 (Fig. 4A and B). A drastic reduction, how-
ever, was produced by the coldest treatments in both experiments,
reaching 75% in T_3 for Exp. 1 at 1 DAT. No changes in water status
were observed for the coldest treatments either, with the excep-
tion of T_3 treatment in Exp. 1, showing a dramatic decrease to 20%
(Fig. 4C and D). Similar trends were observed at 30 DAT for plants
with survival leaves.

3.4. C; and fluorescence parameters

The pattern observed for C; at 1 DAT contrasts with that expected
for a limiting effect produced by stomatal closure. Contrarily, the
lower the photosynthesis and stomatal conductance, the higher the
intercelular concentration. Thus, CO, concentration reached three-
fold higher values in T_, plants than those for T. and T, treatments
(Fig. 5A). Neverthless, no significant changes were detected at 30
DAT, in spite of the persistence of detrimental effects of cold treat-
ments on photosynthesis and stomatal conductance.

No injuries in Fv/Fm were detected at 1 DAT in T4 and T_ treat-
ments, since values were near 0.8, being the same as for T, and
Ty, controls (Fig. 5B). This pattern was similar to that observed for
Chl units (Fig. 4B) and persisted at 30 DAT. Nevertheless, Fv/Fm
was severely damaged in the coldest treatment T_,, with a Fv/Fm
around 0.2. In contrast, the pattern of Fv'/Fm’ was affected in both
freezing treatments at 1 DAT (Fig. 5C). Thus, a drastic reduction
of nearly 75% was observed for T_,, a lower although significant
effect was detected for T_q, while a non significant tendency was
also found in T4 treatment. As a difference with that observed for
Amax and g, total recovery was observed at 30 DAT in this variable.

Following a similar response to that observed for gas exchange
parameters at 1 DAT, photochemical quenching was slightly
reduced to 0.3 in T4 and T_; plants and highly reduced to 0.1in T_,
treatment; while no significant differences were detected between
Tc and Ty, treatments, with values around 0.5 (qP, Fig. 5D). However,
atotal recovery was observed for this trait at 30 DAT for the survival
treatments. The non- photochemical quenching (NPQ) followed an
increasing response in T4 and T_; treatments at 1 DAT (Fig. 5E),
as expected for the decreasing one observed in qP for these treat-
ments (Fig. 5D). However, a great and unexpected reduction, near
zero, was found for T_,, in spite of the low qP also observed for this
treatment. Finally, ETR responses showed a similar pattern to that
for P (Fig. 5F), but reduction significance still remained at 30 DAT
in T_; treatment.

Mean daily temperature and PAR radiation for the periods between sowing (S) and the first measuring date made at 1 day after the establishment of the cold treatments
(DAT), and between 1 DAT and the second measuring date, at 30 DAT. Average + Standard errors. Different letters indicate significant differences between experiments for

each variable and period (P<0.0001).

Mean daily temperature (°C)

Mean daily PAR (MJm~2d-1)

S-1 DAT 1 DAT-30 DAT S-1 DAT 1 DAT-30 DAT
Exp. 1 (2009) 25.6+0.38a 24.0+0.35a 10.2+0.45a 7.5+0.44a
Exp. 2 (2010) 23.5+0.38b 20.0+0.60b 7.7 £0.44b 4.6+0.34b
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Fig. 3. Net photosynthesis rate at saturating irradiation (Amax, A and B) and stomatal conductance (gs, C and D) for leaves from plants subjected to different temperature
regimes, for Exp. 1 (A and C) and Exp. 2 (B and D), and for the two measurement dates made at 1 day after the end of the treatment (DAT) and 30 DAT. Values are
means + standard errors and different letters indicate significant differences (P<0.05) for each variable and measurement date. { = Dead.

3.5. Fluorescence and gas exchange relationships

Statistical analysis of the relationship between Amax and ETR
revealed a biphasic dynamics, estimated by a piecewise regression
model (Fig. 6). In general terms, A and ETR increased linearly with
aninitial slope of 0.08 up to a threshold ETR of 108.4 wmolm—2s~1,
This phase involved only plants subjected to cold treatments (T,
T_1,T_5). After the ETR threshold, there was an increase of the slope
to 0.11 where most of the fitted points corresponded to T. and T;,
treatments, with the exception of few points from T4 and T_1 plants.

Experiment 1

Among cold treatments, T_, plants presented the lowest ETR values
and variability; while a high variability was observed for both T4
and T_; plants, with values covering not only the range before the
ETR threshold but also the subsequent one.

The relationship between Amax and G of individual plants at 1
DAT showed two defined patterns (Fig. 7A). An increasing pattern
according to that expected for a C3 species under limiting C; (Taiz
and Zeiger, 1998) involved all T. and T}, plants and a fraction of those
inT4 and T_; However, alack of response of Amax under a wide range
of C; concentrations, was found for the overall T_, plants and the

Experiment 2

60

60

OTc) OT() BT@) BT¢-) BT2) ad) A OT(c) OT(b) OTE) BTH) BTE2) B

01 50 a a , a a a gp
5 b
© 40 40
§°] 2a2aa s i
= 30 4 30
(5]

20 | 20

10 10

+
0 0
1DAT 30 DAT
100{ , aabaab 100 | a ab a D
— e b b 2
ab A T

g 80 80 1 b
S o0 60
14

40 40

20 20

+
0 0
1DAT 30 DAT 1DAT 30 DAT

Fig. 4. Chlorophyll content (Chl, A and B) and relative water content (RWC %, C and D) for leaves from plants subjected to different temperature regimes, for Exp. 1 (A and C)
and Exp. 2 (B and D), and for the two measurement dates made at 1 day after the end of the treatment (DAT) and 30 DAT. Values are means =+ standard errors and different
letters indicate significant differences (P<0.05) for each variable and measurement date. { = Dead.
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Fig. 5. Intercellular CO, concentration (C;, A), maximum quantum yield of PSII (Fv/Fm, B), efficiency of excitation energy capture by open PSII reaction centres (Fv'/[Fm’, C),
photochemical quenching (qP, D), non-photochemical quenching (NPQ, E) and electron transport rate (ETR, F) made for leaves from plants subjected to different temperature
regimes (Exp. 2) for the two measurement dates made at 1 day after the end of the treatment (DAT) and 30 DAT. Values are means + standard errors and different letters
indicate significant differences (P<0.05) for each variable and measurement date. { =Dead.

remained T4 and T_ ones. Again, two different patterns were also
observed for the relationship between C; and gs (Fig. 7B). A typi-
cal saturating response was observed for all T and T;, plants and a
fraction of the T4 and T_1 ones. On the other hand, a high C; variabil-
ity was detected around a narrow gs range below 0.05molm~2s-!
for all T_, plants and the remaining fraction of T4 and T_; ones.
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Fig. 6. Net photosynthesis rate at saturating irradiation (Amax) as a function of the
electron transport rate (ETR), measured in leaves of plants subjected to the different
treatments. Regression fitting is based on the piecewise linear regression model
described in Eq. (8). Estimated parameters were shown inside the box. Exp. 2.

Similar patterns, although attenuated, were observed at 30 DAT
(Fig. 7C and 7D).

4. Discussion

Our results revealed that photosynthetic rate under saturat-
ing irradiance (Amax) was affected by both chilling and freezing
regimes, although the impact was more intense in the latter. The
effect was directly associated not only with fluorescence parame-
ters measured under light acclimated leaves (qP, Fv//Fm’, ETR) but
also with reductions in stomatal conductance, in agreement with
our first hypothesis. Leaf photosynthesis values of non-stressed
plants were in general terms similar to others found for this species
in previous research (Fukuzawa et al., 2012; Ranjan et al., 2012;
Santos Matos et al., 2012). Other traits such as chlorophyll, relative
water content and Fv/Fm were only reduced in the most severe
freezing treatments (T_3 and T_, for Exps. 1 and 2, respectively), in
agreement with previous reports that found reductions in chloro-
phyll content only under severe water stress in J. curcas (Pompelli
et al., 2010) and other species (Martinez-Ferri et al., 2004; Jaleel
et al,, 2009; Anjum et al., 2011). Although previous research has
shown a negative impact on Fv/Fm produced by the exposition of
Jatropha seedling under 4°C during a similar period than that of
our experiments (Liang et al., 2008; Zheng et al., 2009), other works
revealed a rapid recovery of Fv/Fv, measured 24 h after the end of
chilling stress in soybean (Tambussi et al., 2004) and at the end
of the day under moderate drought stress in the studied species
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J. curcas (dos Santos et al., 2013). This process of dynamic recovery
from photoinhibition could occur under chilling and less intense
freezing treatments of our experiments, discarding any effects on
photosynthesis 24 h after the recovery. Further research is needed
to corroborate this possibility.

However, the results clearly revealed that reductions of Amax
were not determined by the lower stomatal conductance because,
in contrast with our second hypothesis, this was not linked with
lower internal CO, concentrations of stomatal cavity (G, Fig. 5A
and Fig. 7). Thus, limitations in C; only explained the variability in
Amax among plants not exposed to low temperature treatments (T
and Ty,), while the absence of such relationship for cold treatments
(T4, T.1 and T, ) indicates the presence of other limitations related to
changes in several fluorescence parameters (Maxwell and Johnson,
2000). Therefore, although we cannot discard an effect of low tem-
peratures over the mechanisms involved in stomatal closure, our
results clearly reject a causal effect of g on photosynthesis, because
C; availability was high under low stomatal conductance. The lack of
a causal effect of gs on photosynthesis contrasts with other works
conducted under drought stress in J. curcas (Sapeta et al., 2013)
and other species (Meyer and Genty, 1998 and 1999; Sanchez-
Rodriguez Perez and Martinez-Carrasco, 1999). Nevertheless, the
higher C; concentrations found in cold treatments under very low
gs are in agreement with those reported by Gimeno et al. (2012)
in J. curcas subjected to flooding and salinity (which highlighted
the importance of the non-stomal factors in the depletion of pho-
tosynthesis) and Flexas et al. (2006) in several species subjected to
severe drought. In this way, it is known that high CO, concentra-
tions into the stomatal cavity cause stomatal closure (Nobel, 2009).
So, our results suggest that part of the lower gs produced by cold
stress might be a consequence (instead of a cause) of the deple-
tion in photosynthesis. This hypothesis merits further experimental
investigation, in order to separate direct and indirect effects of low
temperatures over stomatal closure.

The negative impact of cold treatments on photochemical
quenching (qP) might be a reflection of a higher closure of the
reaction centres and light saturation, as a consequence of other

diffusion limitations such as a lower mesophyll conductance,
because it might limit CO, availability for the Calvin Cycle (Flexas
et al., 2006). However, our results clearly allow us to conclude
that depletion on photosynthesis produced by low temperature
treatments is also modulated by phototochemical and other bio-
chemical impairments apart from C; limitation. First, lower Fv'/Fm’
values indicate that cold stress injury on PSII efficiency under light
isindependent of the open proportion of reaction centres (Maxwell
and Johnson, 2000). Second, the lower initial slope of the Amax-
ETR relationship (Fig. 6) provides evidence that, when exposed
to cold stress, Jatropha plants could increase electron transport
to alternative electron sinks, such as photorespiration, nitrogen
metabolism and electron donation to oxygen (Mehler reaction;
Maxwell and Johnson, 2000), in agreement with previous research
(Fryer et al., 1998). This lower efficiency represents a reduction of
22% of the electron use efficiency for net photosynthesis, revealing
that alternative electron sinks triggered by low temperatures might
be highly relevant. This also suggests the possibility that certain
processes like the above mentioned would be commonly produced
by both chilling and freezing exposures.

Nevertheless, we found other responses revealing specific
effects for chilling and freezing processes. Hence, only the lowest
freezing treatments (T_3 and T_, for Exps. 1 and 2, respectively)
showed injuries of potential PSII quantum yield (Fv/Fm, Fig. 5),
chlorophyll and relative water content (Fig. 4) at the moment of
photosynthesis measurements, with probable generation of active
oxygen species and antioxidant components (Fryer et al., 1998;
Maxwell and Johnson, 2000; Liang et al., 2008). On the other hand,
only in plants exposed to survival cold treatments (T4 and T_q, EXp.
2) an increased non photochemical quenching was detected (NPQ,
Fig. 5), suggesting a probable role of the expression of the xantho-
phyll cycle in heat dissipation (Adams et al., 1999) as a response
to chilling stress. Thus, different mechanisms could be involved
in photosynthesis depletion, depending on the nature and inten-
sity of cold stress. In our work, constitutive injury to chlorophyll
(measured as chlorophyll content and Fv/Fm) was not detected
in chilling and non lethal freezing treatments, at least when
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measured 24h after the end of the treatments. If it eventually
occurred, a rapid recovery should be performed, turning its effect
on outdoor photosynthesis negligible. In addition, it is expected
(Maxwell and Johnson, 2000; Lichtenthaler et al., 2005) that the
increase of non photochemical quenching in these treatments could
occur at expenses of the unaffected PSII potential (Fig. 5B).

Although results were very consistent between the two experi-
ments conducted in this work, the threshold freezing temperature
for triggering lethal effects slightly differed between them (-3 °C
and -2 °C for Exps. 1 and 2, respectively). A possible explanation
is related to the different thermal and radiation regimes outdoors
to which the two experiments were subjected, both before and
after the establishment of the low temperature treatments (Fig. 2;
Table 1). Nevertheless, a higher temperature threshold would be
expected in the former, considering that the lower temperatures
could have produced a positive acclimation response, according to
previous references (Iba, 2002; Hao et al., 2009; Ruelland et al.,
2009,; Ao et al., 2013; Wisniewski and Gusta, 2013). In addi-
tion, previous research reported minimum lethal temperatures
of seedlings between —3°C and —4°C in this species (Andrade
et al., 2008), suggesting that the threshold freezing temperature
for triggering lethal effects would be dynamic and dependent on
the interaction with other environmental signals such as freezing
duration and acclimating responses (Wanner and Junttila, 1999).

Finally, the negative effects of the non lethal chilling and freez-
ing treatments remained, although attenuated, until at least one
month after the end of the treatments, revealing an important
residual effect. The depletion in Amax and gs observed in T, and
T, plants in Exp. 1 at 30 DAT is unclear, but fortunately this did not
avoid detecting the persistence of the residual effects in the cold
treatments. Although no significant differences were detected for
the most of the fluorescence parameters, photosynthesis, stoma-
tal conductance and ETR remained lower in these treatments, with
respect to those for outdoors and controls. However, the lack of
a positive association between Amax and gs with C; still remained
(Fig. 7C and D), suggesting the persistence of the photochemical
limitations as determinant factors. The large residual effect pro-
duced by exposure of J. curcas seedlings to relatively brief periods
of cold stress could represent a serious limitation for the develop-
ment of seedlings by nurseries and a successful crop implantation
during the early vegetative stage. In addition, genetic variability
and resistant germoplasm for the effect of night chilling have been
identified in the studied species (Zheng et al., 2009), which open the
possibility for future research to determine if the identified traits
in this work are involved in such differences.

5. Conclusions

Several mechanisms are involved in the photosynthesis impair-
ment produced by low temperatures on J. curcas plants during
their early vegetative stages. Both chilling and freezing effects were
related to a higher closure of reaction centres and an increase of
electron transport to alternative sinks other than photosynthetic.
Only lethal freezing regimes produced stable depletions in water
status and constitutive components such us chlorophyll content
and the potential PSII efficiency (Fv/Fm). Under chilling and other
non lethal freezing regimes, reductions of up to 75% of photosyn-
thesis were associated to a higher non photochemical quenching
attributed to heat dissipation. Although stomatal conductance was
always linked to the drop in photosynthesis, this association might
not be due to a causal effect but a consequence of the higher
CO, concentration in the stoma. Residual effects were observed
up to one month after the end of the cold treatments, suggesting
that local low temperature regimes should be considered when

planning sowing date, considering their detrimental effects on
plant growth and, hence, the establishment of the crop.

Acknowledgements

This research was financially supported by funding from Uni-
versidad de Buenos Aires (UBACYT G008 and W219). We also thank
Gustavo Striker for his useful comments about the manuscript and
Adrian Morganti for suppling Jatropha seeds.

References

Achten, W.M ], Verchot, L., Franken, Y.J., Mathijs, E., Singh, V.P., Aerts, R., Muys, B.,
2008. Jatropha bio-diesel production and use. Biomass Bioenerg. 32, 1063-1084.

Achten, W.M/J., Maes, W.H., Reubens, B., Mathijs, E., Singh, V.P., Verchot, L., Muys, B.,
2010. Biomass production and allocation in Jatropha curcas L. seedlings under
different levels of drought stress. Biomass Bioenerg. 34, 667-676.

Adams III, W.W., Demmig-Adams, B., Logan, B.A., Barker, D.H., Osmond, C.B., 1999.
Rapid changes in xanthophyll cycle-dependent energy dissipation and pho-
tosystem II efficiency in two vines, Stephania japonica and Smilax australis,
growing in the understory of an open Eucalyptus forest. Plant Cell Environ. 22,
125-136.

Andrade, G.A., Caramori, P.H., De Souza, F.S., Marur, CJ., Ribeiro, AAM.D.A., 2008.
Temperatura minima letal para plantas jovens de pinhao-manso. Bragantia 67,
799-803.

Anjum, F., Wahid, A., Farooq, M., Javed, F., 2011. Potential of foliar applied thiourea
in improving salt and high temperature tolerance of bread wheat (Triticum aes-
tivum). Int. J. Agric. Biol. 13, 251-256.

Ao, PX, Li, ZG., Gong, M., 2013. Involvement of compatible solutes in chill
hardening-induced chilling tolerance in Jatropha curcas seedlings. Acta Physiol.
Plant. 35, 3457-3464.

Azam, M.M., Waris, A., Nahar, N.M., 2005. Prospects and potential of fatty acid methyl
esters of some non-traditional seed oils for use as biodiesel in India. Biomass
Bioenerg. 29, 293-302.

Barr, H.D., Weatherley, P.E., 1962. A re-examination of the relative turgidity tech-
nique for estimating water deficit in leaves. Aust. J. Biol. Sci. 15, 413-428.

Burke, M., Gusta, L., Quamme, H., Weiser, C.,Li, P., 1976. Freezing and injury in plants:
annual rev. Plant Physiol. 27, 507-528.

Cabrera-Bosquet, L., Albrizio, R., Araus, J.L., Nogués, S., 2009. Photosynthetic capac-
ity of field-grown durum wheat under different N availabilities: a comparative
study from leaf to canopy. Environ. Exp. Bot. 67, 145-152.

Diaz-Lépez, L., Gimeno, V., Lid6n, V., Simén, 1., Martinez, V., Garcia-Sanchez, F., 2012.
The tolerance of Jatropha curcas seedlings to NaCl: an ecophysiological analysis.
Plant Physiol. Biochem. 54, 34-42.

dos Santos, C.M., Verissimo, V., Wanderley Filho, H.C.d.L., Ferreira, V.M., Cavalcante,
P.G.d.S., Rolim, E.V., Endres, L., 2013. Seasonal variations of photosynthesis, gas
exchange, quantum efficiency of photosystem II and biochemical responses of
Jatropha curcas L. grown in semi-humid and semi-arid areas subject to water
stress. Ind. Crop Prod. 41, 203-213.

Feder, P.I., 1975. On Asymptotic Distribution Theory in Segmented Regression Prob-
lems: Identified Case. Ann. Stat. 3, 49-83.

Fernandes Rodrigues, C.R,, Silva, E.N., Ferreira-Silva, S.L., Voigt, E.L., Almeida-Viégas,
R., Gomes Silveira, ].A., 2013. High K+ supply avoids Na+ toxicity and improves
photosynthesis by allowing favorable K+: Na+ ratios through the inhibition of
Na+ uptake and transport to the shoots of Jatropha curcas plants. J. Plant Nutr.
Soil Sci. 176, 157-164.

Fini, A., Bellasio, C., Pollastri, S., Tattini, M., Ferrini, F., 2013. Water relations, growth,
and leaf gas exchange as affected by water stress in Jatropha curcas. ]. Arid
Environ. 89, 21-29.

Flexas, J., Bota, J., Galmés, J., Medrano, H., Ribas-Carbd, M., 2006. Keeping a posi-
tive carbon balance under adverse conditions: responses of photosynthesis and
respiration to water stress. Physiol. Plant. 127, 343-352.

Fryer, MJ., Andrews, J.R., Oxborough, K., Blowers, D.A., Baker, N.R., 1998. Relation-
ship between CO, assimilation, photosynthetic electron transport, and active O,
metabolism in leaves of maize in the field during periods of low temperature.
Plant Physiol. 116, 571-580.

Fukuzawa, Y., Tominaga, ., Akashi, K., Yabuta, S., Ueno, M., Kawamitsu, Y.,2012. Pho-
tosynthetic gas exchange characteristics in Jatropha curcas L. Plant Biotechnol.
29, 155-162.

Gimeno, V., Syvertsen, J.P., Simén, L., Nieves, M., Diaz-Lépez, L., Martinez, V., Garcia-
Sanchez, F., 2012. Physiological and morphological responses to flooding with
fresh or saline water in Jatropha curcas. Environ. Exp. Bot. 78, 47-55.

Graham, D., Patterson, B.D., 1982. Responses of plants to low, nonfreezing tem-
peratures: proteins, metabolism, and acclimation. Ann. Rev. Plant Physiol. 33,
347-372.

Hao, W., Arora, R, Yadav, A.K,, Joshee, N., 2009. Freezing tolerance and cold acclima-
tion in guava (Psidium guajava L.). HortScience 44, 1258-1266.

Iba, K., 2002. Acclimative response to temperature stress in higher plants:
Approaches of gene engineering for temperature tolerance. Annu. Rev. Plant
Biol. 53, 225-245.

Jaleel, C.A,, Riadh, K., Gopi, R, Manivannan, P., Inés, J., Al-Juburi, HJ., Chang-
Xing, Z., Hong-Bo, S., Panneerselvam, R., 2009. Antioxidant defense responses:



26 E.L. Ploschuk et al. / Environmental and Experimental Botany 102 (2014) 18-26

physiological plasticity in higher plants under abiotic constraints. Acta Physiol.
Plant. 31, 427-436.

Kesava Rao, A.V.R,, SP, W,, Singh, P., Srinivas, K., Rao, C.S., 2012. Water requirement
and use by Jatropha curcas in a semi-arid tropical location. Biomass Bioenerg.
39,175-181.

Kheira, A., Atta, N., 2009. Response of Jatropha curcas L. to water deficits: yield, water
use efficiency and oilseed characteristics. Biomass Bioenerg. 33, 1343-1350.
Kumar, N., Pamidimarri, S.D.V.N., Kaur, M., Boricha, G., Reddy, M.P., 2008. Effects
of NaCl on growth, ion accumulation, protein, proline contents and antioxi-
dant enzymes activity in callus cultures of Jatropha curcas. Biologia (Bratisl.)

63,378-382.

Liang, Y., Chen, H., Tang, MJ., Yang, P.F.,, Shen, S.H., 2008. Responses of Jatropha
curcas seedlings to cold stress: photosynthesis- related proteins and chlorophyll
fluorescence characteristics. Physiol. Plant. 131, 508-517.

Lichtenthaler, H.K., Buschmann, C., Knapp, M., 2005. How to correctly determine
the different chlorophyll fluorescence parameters and the chlorophyll fluores-
cence decrease ratio RFd of leaves with the PAM fluorometer. Photosynthetica
43,379-393.

Maes, W.H., Trabucco, A., Achten, W.M.]., Muys, B., 2009. Climatic growing conditions
of Jatropha curcas L. Biomass Bioenerg. 33, 1481-1485.

Martinez-Ferri, E., Manrique, E., Valladares, F., Balaguer, L., 2004. Winter pho-
toinhibition in the field involves different processes in four co-occurring
mediterranean tree species. Tree Physiol. 24, 981-990.

Maxwell, K., Johnson, G.N., 2000. Clorophyll fluorescence - a practical guide. J. Exp.
Bot. 51, 659-668.

Meyer, S., Genty, B., 1998. Mapping intercellular CO, mole fraction (C;) in Rosa rubig-
inosa leaves fed with abscisic acid by using chlorophyll fluorescence Imaging.
Plant Physiol. 116, 947-957.

Meyer, S., Genty, B., 1999. Heterogeneous inhibition of photosynthesis over the leaf
surface of Rosa rubiginosa L. during water stress and abscisic acid treatment:
induction of a metabolic component by limitation of CO, diffusion. Planta 210,
126-131.

Nobel, P.S.,2009. Leaves and fluxes. Plant Physiology, APF ed. Academic Press, Linacre
House, Jordan Hill, Oxford, UK, pp. 365-434.

Openshaw, K., 2000. A review of Jatropha curcas: An oil plant of unfulfilled promise.
Biomass Bioenerg. 19, 1-15.

Pearce, R.S., 2001. Plant freezing and damage. Ann. Bot. 87, 417-424.

Pompelli, M.F., Barata-Luis, R., Vitorino, H.S., Goncalves, E.R., Rolim, E.V., Santos, M.G.,
Almeida-Cortez, ].S., Ferreira, V.M., Lemos, E.E., Endres, L., 2010. Photosynthesis,
photoprotection and antioxidant activity of purging nut under drought deficit
and recovery. Biomass Bioenerg. 34, 1207-1215.

Rajaona, A.M., Brueck, H., Seckinger, C., Asch, F., 2012. Effect of salinity on canopy
water vapor conductance of young and 3-year old Jatropha curcas L. . Arid Env-
iron. 87, 35-41.

Rajaona, A.M., Brueck, H., Asch, F., 2013. Leaf gas exchange characteristics of Jatropha
as affected by nitrogen supply, leaf age and atmospheric vapour pressure deficit.
J. Agron. Crop Sci. 199, 144-153.

Ranjan, S., Singh, R, Soni, D.K,, Pathre, U.V., Shirke, P.A., 2012. Photosynthetic per-
formance of Jatropha curcas fruits. Plant Physiol. Biochem. 52, 66-76.

Ruelland, E., Vaultier, M.N., Zachowski, A., Hurry, V., 2009. Cold signalling and cold
acclimation in plants. Adv. Bot. Res. 49, 35-150.

Sanchez-Rodriguez Perez, P., Martinez-Carrasco, R., 1999. Photosynthesis, carbo-
hydrate levels and chlorophyll fluorescence-estimated intercellular CO2 in
water-stressed Casuarina equisetifolia Forst. & Forst. Plant Cell Environ. 22,
867-873.

Santos Matos, F., Rodrigues de Oliveria, L., Galvao de Freitas, R., Barbosa Evaristo, A.,
Missio, R.F., Oliva Cano, M.A,, dos Santos Dias, L.A., 2012. Physiological charac-
terization of leaf senescence of Jatropha curcas L. populations. Biomass Bioenerg.
45,57-64.

Sapeta, H., Costa, J.M., Lourenco, T., Maroco, J., van der Linde, P., Oliveira, M.M., 2013.
Drought stress response in Jatropha curcas: growth and physiology. Environ. Exp.
Bot. 85, 76-84.

Silva, E.N., Ferreira-Silva, S.L., Viégas, R.A,, Silveira, ].A.G., 2010a. The role of organic
and inorganic solutes in the osmotic adjustment of drought-stressed Jatropha
curcas plants. Environ. Exp. Bot. 69, 279-285.

Silva, E.N., Ribeiro, R.\V., Ferreira-Silva, S.L., Viégas, R.A., Silveira, ]J.A.G., 2010b.
Comparative effects of salinity and water stress on photosynthesis, water
relations and growth of Jatropha curcas plants. ]J. Arid Environ. 74, 1130-
1137.

Silva, E.N,, Ribeiro, R.V., Ferreira-Silva, S.L., Vieira, S.A., Ponte, L.F.A,, Silveira, J.A.G.,
2012a. Coordinate changes in photosynthesis, sugar accumulation and antiox-
idative enzymes improve the performance of Jatropha curcas plants under
drought stress. Biomass Bioenerg. 45, 270-279.

Silva Jr, E.A., Gouveia-Neto, A.S., Oliveira, R.A., Moura, D.S., Cunha, P.C,, Costa, E.B.,
CAc¢mara, TJ.R., Willadino, L.G., 2012b. Water deficit and salt stress diagnosis
through LED induced chlorophyll fluorescence analysis in Jatropha curcas L. ].
Fluoresc. 22, 1-8.

Taiz, L., Zeiger, E., 1998. Photosynthesis: physiological and ecological considerations.
In: Taiz, L., Zeiger, E. (Eds.), Plant Physiology. Sinauer Associates Inc. Publishers,
Sunderland, USA, pp. 227-249, Chapter 9.

Tambussi, E.A., Bartoli, C.G., Guiamet, ].J., Beltrano, J., Araus, ].L., 2004. Oxidative
stress and photodamage at low temperatures in soybean (Glycine max L. Merr.)
leaves. Plant Sci. 167, 19-26.

Wang, W.G,, Li, R, Liu, B, Li, L., Wang, S.H., Chen, F., 2011. Effects of low nitrogen and
drought stresses on proline synthesis of Jatropha curcas seedling. Acta Physiol.
Plant. 33, 1-5.

Wanner, LA, Junttila, O., 1999. Cold-induced freezing tolerance in Arabidopsis. Plant
Physiol. 120, 391-399.

Windauer, L., Martinez, ]., Rapoport, D., Wassner, D., Benech-Arnold, R., 2012. Ger-
mination responses to temperature and water potential in Jatropha curcas
seeds: a hydrotime model explains the difference between dormancy expres-
sion and dormancy induction at different incubation temperatures. Ann. Bot.
109, 265-273.

Wisniewski, M., Gusta, G.N., 2013. Adaptive mechanisms of freeze avoidance in
plants: a brief update. Environ. Exp. Bot., In Press.

Yang, S.H., Wang, L., Li, S.H., Duan, W., Loescher, W., Liang, Z.C., 2007. The effects of
UV-B radiation on photosynthesis in relation to Photosystem Il photochemistry,
thermal dissipation and antioxidant defenses in winter wheat (Triticum aestivum
L.) seedlings at different growth temperatures. Funct. Plant Biol. 34, 907-917.

Zheng, Y.L, Feng, Y.L, Lei, Y.B., Yang, C.Y., 2009. Different photosynthetic responses
to night chilling among twelve populations of Jatropha curcas. Photosynthetica
47,559-566.



	Photosynthesis and fluorescence responses of Jatropha curcas to chilling and freezing stress during early vegetative stages
	1 Introduction
	2 Materials and methods
	2.1 General experimental design
	2.2 Low temperature treatments
	2.3 Gas exchange and fluorescence measurements
	2.4 Chlorophyll and relative water content measurements
	2.5 Statistical analyses

	3 Results
	3.1 Environmental conditions outdoors
	3.2 Photosynthesis and stomatal conductance
	3.3 Chlorophyll and relative water content
	3.4 Ci and fluorescence parameters
	3.5 Fluorescence and gas exchange relationships

	4 Discussion
	5 Conclusions
	Acknowledgements
	References


