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ABSTRACT: Low temperatures negatively impact the metabolism of orange trees, and the extent of damage can be influenced by the
rootstock. We evaluated the effects of low nocturnal temperatures on Valencia orange scions grafted on Rangpur lime or Swingle
citrumelo rootstocks. We exposed six-month-old plants to night temperatures of 20°C and 8°C under controlled conditions. After
decreasing the temperature to 8°C, there were decreases in leaf CO, assimilation, stomatal conductance, mesophyll conductance and
CO, concentration in the chloroplasts, in plant hydraulic conductivity and in the maximum electron transport rate driven ribulose-1,5-
bisphosphate (RuBP) regeneration in plants grafted on both rootstocks. However, the effects of low night temperature were more severe
in plants grafted on Rangpur rootstock, which also presented reduction in the maximum rate of RuBP carboxylation and in the maximum
quantum efficiency of the PSILI. In general, irreversible damage due to night chilling was found in the photosynthetic apparatus of plants
grafted on Rangpur lime. Low night temperatures induced similar changes in the antioxidant metabolism, preventing oxidative damage
in citrus leaves on both rootstocks. As photosynthesis is linked to plant growth, our findings indicate that the rootstock may improve
the performance of citrus trees in environments with low night temperatures, with Swingle rootstock improving the photosynthetic
acclimation in leaves of orange plants.
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INTRODUCTION

Under subtropical conditions, CO, assimilation (P)
is significantly lower during the winter as compared to the
spring and summer seasons (Machado et al. 2002, Ribeiro
and Machado 2007, Ribeiro et al. 2009a, 2009b). Reduced
photosynthetic activity has been associated with low night

temperatures during the winter season (Machado et al. 2002,
Ribeiro et al. 2009a, 2009b). Machado et al. (2010) found
decreased P, stomatal conductance (g ), PSII operational
efficiency and an increase in the ratio between electron trans-
port and CO, assimilation due to cold night. Low soil tem-
peratures also reduce photosynthesis (Magalhies Filho et
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al. 2009), a common condition during the winter season. In
general, low temperatures affect electron transport in thyla-
koids, the carbon reduction cycle, stomatal apparatus, carbo-
hydrate metabolism, lipid peroxidation and water balance in
plants (Allen and Ort 2001).

Photosynthesis requires an optimal balance between carbon
fixation in the chloroplasts, sucrose synthesis in the cytosol and
sucrose export to other plant organs, which is indirectly disrupted
by low temperatures through the inhibition of plant growth. This
inhibition decreases the recycling of inorganic phosphate between
the cytosol and the chloroplast, causing low photosynthetic rates
(Ensminger et al. 2006). The deleterious effects of low night tem-
perature on photosynthesis may be observed during the following
diurnal period, when there is high energetic pressure at the PSII
(Allen et al. 2000, Allen and Ort 2001).

Injuries caused by cold temperatures are also associated
with the generation of reactive oxygen species (ROS), which is
a primary plant response to abiotic stresses and may cause oxi-
dative damage (Mittler 2002). Oxidative stress induced by abi-
otic factors such as cold arises from a mismatch between ROS
production and elimination rates by enzymatic and nonenzy-
matic antioxidant systems (Mittler 2002). Some plant species
are grown on rootstocks that confer differential acclimation or
tolerance to environmental stresses (Zhou et al. 2007), being
the photosynthetic response affected in orange trees (Castle
2010, Machado et al. 2010).

Considering the available literature, the physiological
mechanisms against cold damage in citrus plants would be
rootstock-dependent. The Swingle citrumelo has been used
extensively as a rootstock of citrus trees in cold regions
(Castle 2010); however, the physiological traits related to
cold tolerance are unknown. Our aim was to uncover the leaf
physiological mechanisms affected by rootstock that improve
the performance of citrus trees under cold conditions,
hypothesizing that the sensitivity of photosynthesis to night
chilling is rootstock-dependent and related to the activity of

antioxidant systems.
MATERIAL AND METHODS

Plant material: We used Valencia orange trees [Citrus
sinensis (L.) Osb.] grafted on two species of rootstock, Rangpur
lime (Citrus limonia L.) and Swingle citrumelo ( Citrus paradisi
x Poncirus trifoliata). The trees were six months old and planted
in plastic bags with S L of substrate composed of 95% pine
bark and 5% vermiculite. Rangpur lime is the main rootstock
in Brazil as it confers high crop yield and drought tolerance to
citrus plants, whereas Swingle citrumelo rootstock is known to
induce cold tolerance (Castle 2010).

Thermal treatment and growth conditions: Before
thermal treatment, the plants were grown under green-
house conditions and received daily irrigation and proper
nutrients, as done by Magalhies Filho et al. (2009).
Five days before the beginning of the experiment, the
plants were transferred to a growth chamber (PGRI14,
Conviron, Canada): photoperiod of 12 h, air temperature of
25+1/20=1°C (day/night), relative humidity of 65% and pho-
tosynthetic photon flux density (PPFD) of 800 umol m? s™.
During this period, we did not verify significant differences in
leaf gas exchange when comparing rootstocks. Thermal treat-
ments began after the full acclimation to this environment, given
by non-significant variation of midday photosynthesis between
consecutive days. During the experiment, diurnal temperature
remained constant and aboveground nocturnal temperatures
varied. In each night, temperature was reduced to 8°C for 11 h,
and one hour before light period, the temperature was increased
to 25x1°C without changing any other environmental condi-
tions. As the aim of this study was to evaluate only the nocturnal
chilling, rewarming was done in darkness to prevent the illumi-
nation of plant tissues with different temperatures (Allen et al.
2000). After three nights of chilling, plants were recovered under
nocturnal temperature of 20°C for two nights. Root system was
protected by plastic bags and immersed in a container filled with
water (Magalhdes Filho et al. 2009) to maintain the root and
substrate temperatures at 20x1°C throughout the experimental
period. This process ensured that only the aerial plant portion
was subjected to low night temperatures.

Leaf gas exchange and photochemistry: After the
first (20°C, control), second and fourth (8°C, chilling), and
sixth (20°C) nights, we measured gas exchange and chloro-
phyll fluorescence with an infrared gas analyzer (Portable
Photosynthesis System LI-6400, LI-COR, Lincoln, NE, USA)
equipped with a fluorometer (6400-40, LI-COR). We mea-
sured the minimal (FO) and maximum (Fm) fluorescence after
30 minutes of darkness, as well as the instantaneous fluores-
cence (F') and maximum (F. ) fluorescence in light-adapted
leaves. The maximum variable fluorescence under dark and
light conditions were calculated as F =F -F_and F’'=F -F
respectively. Fq’ was calculated as Fq’=Fm’—F’ and represents the
photochemical extinction of fluorescence caused by the oxi-
dized centers of PSII (Baker 2008). These signals were used
to calculate the maximum quantum efficiency of PSII pho-
tochemistry (F, /F_), the PSII efficiency factor (Fq’/FV’), the
operational efficiency of PSII (F'/F,’), and the nonphoto-
chemical quenching [NPQ=(F - F ’)/F_’] (Baker 2008).
The leaf CO, assimilation (P ) and chlorophyll fluorescence
response curves to the CO2 concentration in the chloroplast
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(Cc) were measured simultaneously under the following condi-
tions: PPED of 1200 mmol m? s™ (Machado et al. 2005), leaf-
to-air vapor pressure deficit of 1.4x0.2 kPa, and leaf temperature
of 25°C. The intercellular CO, concentration (C,) and then C,
were varied by changing the concentration of CO, in the ref-
erence air, according to the procedure proposed by Long and
Bernacchi (2003). The values of C_and the mesophyll conduc-
tance (g ) were estimated using the method described by Epron
et al. (1995). The P_ responses to varying C_ were adjusted
using the least squares method (Origin 7.5, OriginLab Corp.,,
Northampton, MA, USA) with subsequent estimation of the
maximum rate of ribulose-1,5-bisphosphate (RuBP) carboxyl-
ation (Vc max) and the maximum electron transport rate driven
RuBP re?;eneration (J_.), according to the model proposed by
von Caemmerer (2000). The CO, assimilation rate measured at
air CO, concentration of 1200 wmol mol" was considered the

maximum CO, assimilation (P__ ).
2 nmax-

Leaf water potential and plant hydraulic conduc-
tivity: The leaf water potential was measured with a pressure
chamber model 3005 (Soilmoisture Equipment Corp., Santa
Barbara CA, USA) at the pre-dawn (¥,,,) and at 1:00 pm
(wa
leaf gas exchange was evaluated. As done previously (Ribeiro et
al. 2009b), the plant hydraulic conductivity (K, ) was estimated
asK =E /(¥,,,
1:00 pm measured with the LI-6400 system.

). Measurements were taken at the same time in which

- ¥,,,,), where E__is the transpiration rate at

Leaf carbohydrates and antioxidant metabolism: Leaf
samples were collected around 1:00 pm for analysis of carbohy-
drates, lipid peroxidation (TBARS), ascorbate concentration
and antioxidant activity. These samples were collected after the
first night at 20°C (control, before cooling), after three nights
at 8°C (cooling) and after the second night at 20°C (recovery
from cooling). Samples were collected in the same plants eval-
uated for photosynthesis. We extracted the sucrose (SUC) and
the total soluble sugars (SS) using a methanol:chloroform:wa-
ter solution (12:5:3 v/v/v), as described by Bieleski and Turner
(1966). The SS and SUC concentrations were determined by
the phenol-sulphuric method described by Dubois et al. (1956)
and Handel (1968), respectively. The starch (STA) concentra-
tion was determined using the enzymatic method proposed by
Amaral et al. (2007).

The hydrogen peroxide concentration was evaluated in
fresh leaf samples (0.1 g) powdered in liquid nitrogen, fol-
lowing extraction with a 100 mM potassium phosphate
buffer (pH 6.4) containing S mM KCN, as specified by
Cheeseman (2006). The reaction was carried out at 25°C for
30 minutes, and the absorbance was read at 560 nm. The H,O,

concentration was calculated according to a standard curve
and expressed as mmol g fresh mass (FM).

Lipid peroxidation was determined by measuring the
thiobarbituric acid-reactive substances (TBARS). Samples
of frozen leaves (0.1 g) were pulverized in liquid nitrogen
and homogenized with 1 cm® of 6% (w/v) trichloroacetic
acid (TCA) for 3 minutes. The homogenate was centri-
fuged at 12,000 x g for 15 minutes at 4°C, and aliquots of
0.5 mL of the supernatant were mixed with 2 mL of 20%
(w/v) TCA containing 0.5% (w/v) tiobarbituric acid
(TBA). The reaction was carried out at 95°C for 30 min,
and the absorbance was read at 532 nm. The TBARS con-
centration was calculated using the molar extinction coeffi-
cient (155 mM™” cm™) and expressed as nmol g FM (Heath
and Packer 1968).

The total ascorbate (AsA+DHA) concentration was deter-
mined by adding the leaf extract to a mixture of potassium
phosphate buffer (pH 7.4) containing 2 mM DTT, 0.5% (w/v)
N-ethylmaleimide, 10% (w/v) TCA, 45% (w/v) H,PO,, 4%
(w/v) bipyridyl, and 5% (w/v) FeCl,. The reduced ascorbate
(AsA) content was measured in the same medium of total ascor-
bate in absence of DTI' and N-ethylmaleimide. The reaction
was performed at 40 °C for 30 minutes, and the absorbance was
read at 525 nm according to the Kampfenkel, Montagu and Inzé
(1995) method. The AsA+DHA and AsA contents were esti-
mated using L-ascorbate as a standard and expressed as umol
¢! FM. The oxidized ascorbate (DHA) content was obtained by
subtracting the reduced fraction (ASA) from the total content.

The superoxide dismutase (SOD; EC: 1.15.1.1) activity
was determined by adding leaf extract to a mixture contain-
ing S0 mM potassium phosphate buffer (pH 7.8), 0.1 mM
EDTA, 13 mM L-methionine, 2 uM riboflavin, and 75 uM
p-nitro blue tetrazolium chloride (NBT) in the dark. The
reaction was carried out under artificial illumination (30 W
fluorescent lamp) at 25°C for 6 minutes. The absorbance
was measured at 540 nm (Giannopolotis and Ries 1977).
One SOD activity unit (AU) was defined as the amount of
enzyme required to inhibit 50% of the NBT photoreduc-
tion (Beauchamp and Fridovich 1971), and the activity was
expressed as AU g’ FM min™.

The ascorbate peroxidase activity (APX; EC: 1.11.1.1) was
assayed after the reaction of the extract in the presence of 50 mM
potassium phosphate buffer (pH 6.0) and 0.5 mM ascorbic acid.
The reaction began when 0.1 mL of 30 mM H,O, was added,
and the decreasing absorbance at 290 nm was monitored for 300
s (Nakano and Asada 1981).

The ascorbate peroxidase activity was estimated by utilizing
the molar extinction coefficient of ascorbate (2.8 mM™' cm™)

and expressed as umol ASA g FM min™.
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The catalase activity (CAT; EC: 1.11.1.6) was deter-
mined following the reaction of the extract in the presence
of S0 mM potassium phosphate buffer (pH 7.0) containing
20 mM H,O,. The reaction took place at 30 °C, with absor-
bance monitored at 240 nm for 300 s (Havir and McHale,
1987). The CAT activity was calculated according to the molar
extinction coefficient of H /O, (36 mM" cm™) and is expressed
as mmol H,O, g FM min™".

Data analysis

The experiment was arranged in a random block design
with the rootstock as source of variation. The chilling effect
was evaluated comparing the sampling times. The data were
subjected to the analysis of variance (ANOVA) considering
three (antioxidant system), five (photosynthesis) or six (car-
bohydrates) replications taken from different plants. When sig-
nificant differences occurred, the mean values were compared
using the Tukey test (p<0.0S).

RESULTS

After the first cold night, P decreased significantly
(p<0.05) in orange trees grafted on both rootstocks
(Figure 1A), but more markedly on Rangpur (-64%) than
on Swingle (-26%). Following two additional cold nights,
there was no variation in P_values either on Rangpur or on
Swingle rootstock. After the recovery at night temperature
of 20°C, P_of plants grafted on Rangpur did not return to
the initial levels, whereas plants grafted on Swingle root-
stock exhibited full recovery of P (Figure 1A). P was
also inhibited (p<0.05) by ~30% after one cold night on
both rootstocks (Figure 1B). Following the night chilling,
the P response was clearly different between rootstocks,

with plants on Swingle showing P__recovery during cold

treatment, i.e., at the fourth day of night chilling. As found
for P, plants grafted on Rangpur did not recover P_
when night temperature returned to 20°C. Night chilling
decreased g (p<0.05) on both rootstocks (Figure 1C), with
stomatal aperture being recovered only in plants grafted
on Swingle after warm nights, i.e. 20°C (Figure 1C). One
cold night also reduced g (p<0.05), with plants on both
rootstocks showing recovery of the initial values after two
warm nights (Figure 1D). There was no variation in C, of
plants grafted on Rangpur due to night chilling, whereas
there was an increasing trend of C, in plants grafted on
Swingle (Figure 1E). Similar increasing trend was noticed
for C_from the first cold night, regardless the rootstock
(Figure 1F). Both C, and C_ were always higher (p<0.05)
in plants grafted on Rangpur as compared to Swingle

(Figure 1E and F).

Considering the biochemistry of photosynthesis, V__
decreased in plants grafted on Rangpur rootstock after the
first cold night (p<0.05), and the initial values were not recov-
ered after returning night temperatures to 20°C (Figure 1G).
On the other hand, plants grafted on Swingle exhibited a
small reduction (~11%) in V__ throughout the experiment
(Figure 1G). After the first cold night, there was a significant
decrease (p<0.05) in ] on both rootstocks; however, only
plants grafted on Swingle recovered ] (Figure 1H). In gen-
eral, V_ and ]  were higher in plants on Swingle than on
Rangpur rootstock (p<0.0S).

The leaf water potential was not affected by night chilling;
however, K did decrease (Table 1). Only plants grafted on
Swingle did exhibit recovery of K after returning night tem-
perature to 20 °C (Table 1). At this time, K, on Swingle was
1.4-times higher than on Rangpur rootstock.

Regarding the photochemistry, F. /F_ did not vary due
to cold night in plants grafted on Swingle (p>0.05) and it
was always higher on Swingle than on Rangpur (Figure 2A).
Gradual and significant decreases in F /F , F '/F’and F'/F’
due to cold treatment were found only in plants grafted on
Rangpur lime (Figures 2A-C). Plants grafted on Swingle root-
stock exhibited consistently higher Fq’/Fm’ and Fq’/ Fv’ than
those ones on Rangpur rootstock (p<0.05), regardless of cold
treatment (Figures 2B and C). Night chilling caused signifi-
cant increases (p<0.05) in NPQ of plants grafted on both root-
stocks (Figure 2D). At the end of chilling treatment and also
during the recovery time, plants grafted on Rangpur presented
the highest NPQ values (p<0.05).

The leaf concentrations of SS and SUC were not affected by
night chilling, regardless the rootstocks (Table 2). Curiously,
the lowest SS and SUC concentrations were noticed at the
recovery time in plants grafted on Rangpur lime. Plants grafted
on Swingle also presented the lowest SUC concentration
at the recovery time. Low night temperature increased STA
concentration only in plants grafted on Rangpur lime, while
plants grafted on Swingle presented an increasing trend of STA
throughout the experimental period (Table 2).

The concentration of TBARS was not affected by cold
night in plants grafted on Rangpur, whereas plants on
Swingle showed a slight reduction of TBARS (Table 2).
Only plants grafted on Rangpur have increased H,0O, con-
centrations due to night chilling (Table 2). However, leaf
H,O, concentrations after night chilling were similar on
both rootstocks (ca. 9.7 wmol g' FM). In general, the
recovery time was sufficient to reduce the leaf H O, con-
centration to the initial levels. The SOD activity increased
due to cold night, with this response being greater in plants

grafted on Rangpur (Table 2). After the recovery time,
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Figure 1. Leaf CO, assimilation (P, in A); stomatal conductance (g, in C); intercellular CO, concentration (C, in E); maximum
carboxylation efficiency (V_ __,in G); leaf maximum CO, assimilation at 1,200 umol CO, mol™ (P, __,in B); internal conductance (g, in D);

CO, concentration inside the chloroplast (C,, in F) and maximum electron transport (J

in H) as affected by night temperature in

max’

Valencia sweet orange plants grafted on Rangpur lime or Swingle citrumelo. The first day = control (20°C), the second and fourth
days = night chilling (8°C, dashed area) and the sixth day = two days after returning the temperature to 20°C (recovery). Measurements

taken under PPFD of 1,200 pmol m2 s and 25°C. Mean+SE (n=5).

SOD activity was marginally reduced on Rangpur, but not
on Swingle (Table 2). APX activity increased due to cold
night and it remained high after the recovery period, regard-
less the rootstocks (Table 2). As SOD and APX, CAT activ-
ity increased due to night chilling, with plants grafted on

Swingle exhibiting the highest cold sensitivity (Table 2).
After the recovery period, CAT activity returned to its ini-
tial values in plants grafted on Rangpur whereas it presented
a large inhibition (~50%) on Swingle. Low night tempera-
ture did not cause important changes in the concentration

(=]
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Table 1. Changes in leaf water potential at pre-dawn (¥,,., [MPa]) and afternoon (¥,,, [MPa]) and plant hydraulic conductivity (K,

WPD

[mmol m2 s7' MPa™']) as affected by night temperature in Valencia sweet orange trees grafted on Rangpur lime or Swingle citrumelo

: Initial (20°C) Cold (8°C) Recovery (20°C)
Variablex . : :
Rangpur Swingle Rangpur Swingle Rangpur Swingle
Yo -0.33% -0.37%a -0.22% -0.27%a -0.374 -0.45%
Yos -0.80% -0.75% -0.85% -0.90% -0.78% -0.92%
K 4,720 3.548a 1.64% 1.65% 2.3580 3.31%a

Different capital letters indicate statistical differences (p<0.05, Tukey) between rootstocks for the same evaluation day, whereas lowercase letters represent differences
between evaluations for the same rootstock (p<0.05, Tukey). Mean values of five replications.
Initial (20°C) = control, Cold (8°C) = after the fourth night at 8°C, and Recovery (20°C) = two days after returning the night temperature to 20°C
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Figure 2. Changes in maximum quantum efficiency of PSII (F /F_, in A), PSII efficiency factor (F_'/F ', in B), PSIl operating efficiency
(F,/F,, in C), and nonphotochemical quenching (NPQ, in D) due to night temperature in Valencia sweet orange grafted on Rangpur lime
or Swingle citrumelo. The first day = control (20°C), the second and fourth days = night chilling (8°C, dashed area) and the sixth day = two

days after returning the temperature to 20°C (recovery). Measurements taken under PPFD of 1,200 umol m~ s and 25°C.

of both oxidized and reduced forms of ascorbate in leaves of
both rootstocks (Table 2).

DISCUSSION

Photosynthetic responses to low night temperature
are rootstock-dependent: The rootstocks caused significant
changes in photosynthetic responses to low night temperature.
In orange trees grafted on Rangpur, P_and g decreased when
exposed to night chilling and did not return to their initial values

after two days of recovery under warmer conditions, revealing
an irreversible damage. On the other hand, plants grafted on
Swingle rootstock recovered their initial P and g values after the
low night treatment (Figures 1A and C). It is known that reduc-
tions in P_are indirectly associated to low g and g, which would
decrease C, and C_ in stressed plants. However, this response
was not observed herein. As chilled-plants exhibited reductions
inV__and] (Figures 1Gand H), C and C_values remained

nearly constant or even increased throughout the experimental
period (Figures 1E and F).
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Table 2. Changes in concentrations of soluble sugars [mg g'], sucrose [mg g'], starch [mg g7'], thiobarbituric acid-reactive
substances (TBARS, [nmol MDA-TBA g FM]), hydrogen peroxide (H,0,, [umol g-' FM]), in the activities of superoxide dismutase
(SOD [UA mg' Prot. min“']), ascorbate peroxidase (APX [umol AsA mg-' Prot. min-']), catalase (CAT [umol H,0, g”"FM min~']), and
in concentrations of oxidized (DHA [umol g-' FM]) and reduced (AsA [umol g-' FM]) ascorbate due to night temperature in Valencia
sweet orange plants grafted on Rangpur lime or Swingle citrumelo

Initial (20°C)

Cold (8°C)
Rangpur

Recovery (20°C)
Rangpur

Variables*

Rangpur Swingle Swingle Swingle

Soluble sugars 68.142 73.1%a 60.6%2 65.4%a 46.08° 66.74a
Sucrose 42.0% 34.3mab 32.2%a 37.8M 19.94 23.8%
Starch 81.5% 54.5% 164.24 72.7%% 108.0% 94.2%a
TBARS 81.18a 88.8" 80.3% 69.18¢ 63.6% 79.3%
H,0, 8.66°%° 9.574a 9.74%a 9.70% 8.97# 8.34%
SOD 1.158¢ 1.874 2.64% 2.328 2.41% 2.31%
APX 0.538¢ 0.61%¢ 0.96% 0.92#° 1.03%2 1.01%a
CAT 33.9% 29.480 37.8% 38.74 30.5% 20.68¢
DHA 13.12% 10.1180 14.46% 11.13820 13.57%a 12.20%
AsA 2.818 3.02% 2.83% 2.86%° 2.57¢% 2.85%

Different capital letters indicate statistical differences (p<0.05, Tukey) between rootstocks for the same evaluation day, whereas lowercase letters represent differences
between evaluations for the same rootstock (p<0.05, Tukey). Mean values of six replication for carbohydrates or three replications for antioxidant system. Initial

(20°C) = control, Cold (8°C) = after the fourth night at 8°C, and Recovery (20°C) = two days after returning the night temperature to 20°C

The reduction in g can be related to the plant hydraulic
properties (Flexas et al. 1999), as suggested by K, (Table 1).
Reductions in K, were caused by chilling injuries in abo-
veground structures such as decreased protoplasm permeabil-
ity (Sellin and Kupper 2007). In addition, increases in resis-
tance to water flow inside plant body are also due to increased
water viscosity caused by low temperatures. The recovery of
K| after chilling exposure when comparing plants grafted on
Rangpur and Swingle rootstocks was also associated to the dif-
ferences in g. In fact, stomatal aperture was recovered only in
plants grafted on Swingle rootstock (Figure 1C).

Considering the mesophyll, we know that g is reg-
ulated by aquaporins and affected by temperature
(Bernacchi et al. 2002, Flexas et al. 2006). The effects
of low night temperature on g were relatively more del-
eterious to plants grafted on Rangpur rootstock, with
plants grafted on Swingle exhibiting partial recovery of g
during the night chilling (Figure 1F). We believe that the
rapid P_recovery on Swingle rootstock was related to the
rapid recovery of CO, diffusion through the stomata and
mesophyll. This assumption is also based on the dynam-
ics of P (Figure 1B). While the inhibition of P was
not reversed under CO, saturation in plants grafted on
Rangpur, it was in plants grafted on Swingle.

Photosynthesis was limited by metabolic factors and this
kind of limitation (low J and V,

¢,max

) was more severe and
persistent in plants grafted on Rangpur rootstock (Figures 1G
and H). On Swingle rootstock, ] decreased after the first

cold night and presented full recovery during the cold treat-
ment (Figure 1H). Considering the carboxylation reactions,
decreases in V__ due to cold night have been attributed to
low Rubisco activity and concentration (Allen et al. 2000,
Allen and Ort 2001, Zhou et al. 2004, Bertamini et al. 20085,
2007). Zhou et al. (2007) observed that cold-sensitive spe-
cies exhibited reduction in cytokinin level, which could par-
tially explain the decrease in V___observed. Low cytokinins
levels may reduce mRNA related to the synthesis of photo-
synthetic enzymes such as Rubisco and fructose-1,6-bis-
phosphatase (Davis and Zhang, 1991), and also those related
to the RuBP regeneration (Zhou et al. 2007, Strauss and
Heerden 2011).

Regarding the photochemistry, the decrease in F /F_ was
due to a significant reduction in F_ (data not shown) that only
occurred on Rangpur rootstock (Figure 2A) and could be
attributed to decreases in the turnover of D1 protein in PSII
complexes (Bertamini et al. 2007). As F /F_ was not affected
by low night temperature in plants grafted on Swingle, we may
argue that photoprotective mechanisms involving increased
NPQ and decreased Fq’/ F_’ were efficient in preventing exces-

sive energy pressure at PSII (Figure 2).

Starch is the main leaf carbohydrate affected by
low night temperature: The main effect of cold night
on leaf carbohydrate status was noticed in starch con-
centration, especially in plants grafted on Rangpur that

presented almost two-times higher concentrations as

(=)
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compared to the initial condition (Table 2). This increase
may be a consequence of (i) inhibition of starch hydro-
lases due to the low temperature (Leegood and Edward,
1996) or (ii) reduction in sink demand due to growth
impairment (Iglesias et al. 2002, Ribeiro et al. 2012).
In fact, citrus growth is inhibited at temperatures below
13°C (Reuther, 1973), and it is known that the decreased
demand for carbohydrates can also down-regulate citrus
photosynthesis (Iglesias et al. 2002, Ribeiro et al. 2012).
After two nights of exposure to 20°C (recovery), the
starch concentration in leaves of plants grafted on Rangpur
returned to its initial value (Table 2). We may argue that
high night temperature likely stimulated starch remobiliza-
tion and plant growth. However, SS and SUC did notaccom-
pany the starch increase and the lowest values reported in
plants grafted on Rangpur are probably caused by low P_
(Figure 1A) and increased sink demand (i.e. regrowth).

Controlling the potential oxidative damage caused
by low night temperature: Regarding the antioxidant
responses, we noticed that SOD, APX and CAT activities on
both rootstocks exhibited similar response to low night tem-
perature (Table 2). In general, the stimulation of SOD, APX
and CAT activities by low night temperature may have con-
tributed to the protection of chloroplasts and peroxisomes by
eliminating excess superoxide and H,0O, radicals and prevent-
ing oxidative damage generated by the imbalance between
the photochemical and biochemical phases of CO, assimila-
tion (Mittler 2002, Dai et al. 2009). An appropriate balance
between gene expression and the activities of SOD and APX
isoforms is essential to prevent oxidative damage, with SOD
and APX functioning in a coordinated manner to impede the
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