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The objective of this study was to evaluate the high temperature effects on the response of photosynthesis to light in sweet
orange plants infected with Xylella fastidiosa. This vascular bacterium is the causal agent of the citrus variegated chlorosis that
causes severe economical losses to the Brazilian citrus industry. The responses of the photosynthetic oxygen evolution and the
parameters related to chlorophyll a fluorescence to the increase in light intensity were evaluated at 35°C and 45°C in both
healthy and infected leaf discs. The increase in temperature affected the photosynthetic apparatus of both healthy and infected
plants, although infected plants showed higher photochemical sensitivity at the higher temperature (e.g. in the potential quantum
efficiency of photosystem II, maximum and basal fluorescence yield, and in the relation between variable and basal fluorescence
yield). This higher sensitivity of infected plants was not reflected in the overall photosynthetic reaction, since photosynthetic
oxygen evolution values did not vary at 45°C. Healthy and infected plants showed differences in photosynthetic oxygen evolution
but displayed similar effective quantum efficiency of photosystem II as well as apparent electron transport rates at 35°C. These
results suggest that the limitations in photosynthesis observed on the infected plants might arise through impaired biochemical
reactions.

Key words: chlorophyll fluorescence, Citrus sinensis, light response curve, photosynthesis, temperature, Xylella fastidiosa.

Efeitos da alta temperatura na resposta da fotossintese a luz em laranjeira doce infectada por Xylella fastidiosa: O
objetivo desse estudo foi avaliar os efeitos da alta temperatura nas respostas da fotossintese a luz em laranjeira doce infectada
por Xylella fastidiosa. Essa bactéria vascular ¢ o agente causal da clorose variegada dos citros, que causa sérios problemas para
a industria citricola brasileira. Respostas da evolugdo de oxigénio fotossintético e parametros relacionados com fluorescéncia
da clorofila @ ao aumento da intensidade luminosa foram avaliadas a 35°C e 45°C, em discos foliares sadios e infectados. O
aumento da temperatura afetou a maquinaria fotossintética das plantas sadias e infectadas, mostrando as plantas infectadas
maior sensibilidade fotoquimica (i.e., na eficiéncia quantica potencial do fotossistema II, fluorescéncia maxima e basal e na
relacdo entre fluorescéncia varidvel e basal). Essa maior sensibilidade das plantas infectadas nao refletiu menores taxas de
fotossintese, uma vez que os valores da evolug@o de oxigénio fotossintético ndo mudaram a 45°C. Plantas sadias e infectadas
apresentaram diferencas na evolugdo de oxigénio fotossintético, mas valores similares de eficiéncia quantica efetiva do
fotossistema II e da taxa aparente de transporte de elétrons a 35°C. Esses resultados sugerem que a limitagdo da fotossintese
em plantas infectadas pela Xylella fastidiosa pode surgir de injurias nas reagdes bioquimicas.

Palavras-chave: Citrus sinensis, curva de resposta a luz, fluorescéncia da clorofila, fotossintese, temperatura, Xylella fastidiosa.

INTRODUCTION severe problems to the Brazilian citrus industry. Because this
Citrus variegated chlorosis (CVC) is a vascular disease, bacterium inhabits the xylem vessels of plants, it may induce
caused by the bacterium Xylella fastidiosa, which causes a restriction in water flow that consequently lower shoot
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hydration (Hopkins, 1989; Purcell and Hopkins, 1996). The
mechanism of pathogenicity is unclear, but among the
mechanisms suggested, the blockade of the xylem vessels
leading to plant water deficit is the most accepted (Hopkins,
1989; Machado et al., 1994; Purcell and Hopkins, 1996).
Plants with CVC show leaf wilting, leaf variegated chlorosis
that can develop into necrosis (Rossetti, 1991), low sap flow
(Oliveira et al., 2000), and a decreased photosynthesis
(Habermann et al., 2003; Machado et al., 1994; Ribeiro, 2002)
with a consequent decrease in production.

Simultaneously to CVC disease, plants are subjected to
changes in environmental conditions along their life cycle.
Among these environmental factors, high temperature is a
common constraint in tropical regions, causing reversible or
irreversible damage to the photosynthetic apparatus (Berry
and Bjorkman, 1980). Important high temperature effects on
photosynthesis are the inactivation of thylakoid membrane
reactions and damage to the enzymes involved in
photosynthetic carbon metabolism (Berry and Bjorkman,
1980). These effects could be further aggravated if other
stresses (e.g. high irradiance) are imposed concomitantly
(Berry and Bjorkman, 1980; Laisk et al., 1998), as it frequently
occurs under natural conditions.

The most productive areas in Brazil are located at the
northwestern and western regions of the Sao Paulo State.
These regions show a severe CVC incidence coupled to high
temperatures during most of the year (Salva et al., 1995;
Fundecitrus, 2002). Some authors have suggested that X.
fastidiosa could be an occasional pathogen that causes more
damage under environmental stress conditions (Machado et
al., 1994; Ribeiro, 2002). In fact, the success of any CVC
control strategy should consider the role of predisposition or
synergistic stress factors during the disease (Hopkins, 1989).
Since photosynthetic light response curves generally show
unique proprieties for each species (Nilsen and Orcutt, 1996),
any change in its characteristics due to stresses such as heat,
high light intensity, and pathogen infection may help to
determine how plants are affected.

Such studies in citrus are not available, especially in
plants infected with X. fastidiosa that do not present any
visible symptoms. The aim of the present study was to
evaluate the effects of high temperature on the response of
photosynthesis to light in the ‘Pera’ variety of sweet orange
infected with X. fastidiosa using simultanecous measurements
of photosynthetic oxygen evolution and chlorophyll a
fluorescence in leaf discs.
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MATERIALS AND METHODS

Plant material: Measurements of photosynthetic oxygen
evolution and chlorophyll a fluorescence were carried out in
9 month-old seedlings of sweet orange [Citrus sinensis (L.)
Osbeck cv. Pera], grown in 3 L plastic pots containing soil
mixture (one-half soil, one-quarter sand, and one-quarter cattle
manure with nitrogen-phosphate-potassium fertilizer) under
greenhouse conditions (maximal and minimum air
temperatures of 42 and 18°C respectively, minimum RH of
30 %, maximal light incidence of approximately 1,800 pmol
m2.s! and a photoperiod between 13.4 and 10.6 h). The ‘Pera’
variety of sweet orange was chosen because it is the most
affected by CVC and it is the most cultivated sweet orange
in Brazil. A nutrient solution was applied every ten days
(adapted from Van Raij et al., 1996) in order to ensure that no
nutrient deficiencies occurred. Daily irrigations were
performed during the morning hours until reaching soil
saturation. Weekly pesticide applications prevented the
occurrence of insects or additional disease.

Plant inoculation: The plants were divided into two groups
(n = 4), one with healthy plants and the other with infected
plants. The inoculation with X. fastidiosa was performed
according to Almeida et al. (2001). Needle inoculation was
done by probing the stem of the seedlings through a 2 uL.
drop of bacterial suspension with a number 0 insect pin, five
times. Leaves of all plants were analyzed by the polymerase
chain reaction (PCR) (Minsavage et al., 1994) and by isolation
and culture in periwinkle wilt-GelRite solid medium (Hill
and Purcell, 1995; Almeida et al., 2001) for bacterium
detection. The measurements of photosynthetic oxygen
evolution and chlorophyll a fluorescence started 7 months
after the inoculation of X. fastidiosa. It is important to
emphasize that infected plants did not show any visible
symptoms of CVC, such as leaf chlorosis, necrosis and
wilting, although the PCR and isolation results confirmed the
presence of X. fastidiosa.

Thermal treatment: Healthy plants and X. fastidiosa-infected
plants were placed in a growth chamber (E-15, Conviron,
Winnipeg, Canada), with temperatures of 35/20°C (day/night),
photosynthetic photon flux (PPF) of 600 umol.m-2.s"!
(provided with fluorescent tubes - Philips day-light 40 W),
air vapor pressure deficit of 1.0 kPa, and a photoperiod of 14
h for seven days. After this period, leaf discs (10 cm?) were
excised from healthy and infected leaves. Immediately after
the excision, the leaf discs were enclosed in a leaf chamber at
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35°C, with a wet felt disc to maintain constant leaf water status
during measurements of photosynthetic oxygen evolution and
chlorophyll a fluorescence (Delieu and Walker, 1981). After
these measurements, the leaf temperature was set to 45°C.
Leaf discs were maintained in dark conditions during 30 min
at45°C and a second set of measurements was conducted. The
leaf temperatures of 35 and 45°C were chosen because they
represent optimum and harmful temperatures, respectively,
for sweet orange plants (Ribeiro et al., 2001). Leaf temperature
was controlled using a water bath (MA-127, Marconi,
Piracicaba, SP Brazil) and monitored with a copper-constantan
thermocouple (AWG 24, Omega Eng., Stamford, CT USA)
attached to the abaxial leaf disc surface.

Measurements of photosynthetic oxygen evolution: Photosyn-
thetic oxygen evolution (4) was measured with a leaf disc
oxygen electrode (LD2/3 leaf chamber, Hansatech, King’s
Lynn, UK). PPF were provided by an external light source
(LS3, Hansatech) and A4 values were recorded using the
Oxygraph System Software v. 2.22 (Hansatech). The CO,
saturation concentration (2.9 + 0.1 % measured with a PBI
Dansensor — CheckMate 9900 O,/CO,, Ringsted, Denmark)
in the chamber was generated by 0.2 cm3 of carbonate/bicar-
bonate buffer solution (1M, 1:19 v/v) (Delieu and Walker,
1981). Under these conditions, the photorespiration and CO,
flow limitation to chloroplasts through the stomata are prac-
tically eliminated.

Measurements of chlorophyll a fluorescence: The chlorophyll
a fluorescence measurements were done simultaneously with
the photosynthetic oxygen evolution measurement using a
modulated fluorometer (FMS1, Hansatech) adapted to the
LD2/3 leaf chamber. Maximal (F,) and basal (F,)
fluorescence yield were measured in dark-adapted (30 min)
leaves, whereas steady-state (/) and maximal (F,,’)
fluorescence yield were sampled under light-adapted
conditions (Van Kooten and Snel, 1990). Variable
fluorescence yield was determined in dark-adapted (F,=F,—
F,) and in light-adapted (AF=F, ’-F ) states. I, was the basal
fluorescence yield after photosystem I excitation by far-red
light. The parameters calculated were: potential (#,/F,,) and
effective (AF/F,,’) quantum efficiency of photosystem II
(PSII) (Genty et al., 1989), photochemical [q=(F,, -F)/(F,, -
F.’)] and non-photochemical [NPO=(F,-F,’)/F,’]
fluorescence quenching, and apparent electron transport rate
(ETR=PPF. AF/F,,’.0.5 . 0.84) (Krall and Edwards, 1992;
Bilger et al., 1995). For the calculation of E7R, 0.5 was used

as the fraction of excitation energy distributed to PSII, and
0.84 was used as the fraction of total light absorbed by
chlorophyll. Relative excessive PPF was calculated according
to Bilger et al. (1995), as the difference between F,/F,, and
AF/F,,’, normalized by F,/F,,. The photosynthetic apparatus
stability was evaluated by the changes in F, and /', measured
at 35 and 45°C, according to Yordanov et al. (1997).

Light response curves: Light response curves of 4 and
chlorophyll a fluorescence parameters were obtained varying
PPF values from 33 to 1,121 pmol.m2.s"1, at 35 and 45°C.
Prior to the photosynthesis measurements, leaf discs were
kept under dark conditions for 30 min, and then subjected to
low radiation (128 pumol.m2.s-!) for 10 min in order to induce
photosynthesis (Walker, 1990). After this period, PPF was
decreased to 33 and a gradual increase was done until reaching
1,121 pmol.m=2.s°1,

Statistical analysis: The experiment was arranged in a
randomized block design with three replicates. All results were
subjected to ANOVA followed by Tukey test at the 0.05
probability level in order to determine the statistical
significance between healthy and infected plants, leaf
temperatures, and PPF levels.

RESULTS AND DISCUSSION

At the temperature of 35°C, healthy plants showed higher
values of A than X. fastidiosa-infected ones, mainly at high
irradiation levels (figure 1A). However, at 45°C, 4 values of
healthy and infected leaves were quite similar, since the 4
curve of infected plants was not significantly modified. For
healthy plants, the maximal 4 rates decreased when compared
to the measurements obtained at 35°C (figure 1B). According
to Laisk et al. (1998), the decrease in net photosynthesis at
high temperatures is partially caused by a faster increase in
respiration in relation to photosynthesis. In addition, at high
temperature, the Rubisco affinity for O, increases when
compared to the affinity for CO,, thereby causing a reduction
in photosynthesis through higher rates of RuBP oxygenation
(Bernacchi et al., 2000).

The chlorophyll fluorescence yield in the dark-adapted
state was also affected by temperature. No differences were
found in these fluorescence parameters between healthy and
infected plants (table 1), except for F,, that showed higher
values in infected plants at 35°C (p<0.05). The F /F,, value
reflects the potential quantum efficiency of PSII and it is used
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as a sensitive indicator of plant photosynthetic performance (table 1) at 45°C suggest the occurrence of photoinhibitory
(Bjorkman and Demmig, 1987). The decrease in this value damage in response to high temperature (Maxwell and
coupled to the F, increase for either healthy or infected plants Johnson, 2000).
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Figure 1. Temperature effects on light response of photosynthesis related parameters of healthy (closed symbols) and X. fastidiosa-
infected (open symbols) plants: photosynthetic oxygen evolution (A and B), effective quantum efficiency of PSII, AF/F, ° (C and

D), and apparent electron transport rate, E7R (E and F). Measurements were done at leaf temperatures of 35 °C (A, C and E) and
45 °C (B, D and F). Bars represent the mean standard deviation (n=3). PPF is the photosynthetic photon flux.
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Table 1. Temperature effects on the potential quantum efficiency of PSII (F/F,)), maximum (F, ) and basal (F,) fluorescence
yield, and relation between variable and basal fluorescence yield (F,/F,) of healthy and X. fastidiosa-infected sweet orange,

cv. ‘Pera’.
Chlorophyll a fluorescence parameters?
Plant T ®
Healthy 35°C 0.779 £0.002a 331+7a 73 £2b 3.53 £0.04a
45°C 0.739 £0.032b 322+9a 84 + 8a 2.87£0.47b
Infected 35°C 0.809 £0.014a 362+ 7a 69 * 6b 4.27+0.38a
45°C 0.717£0.014b 327 £ 6b 93 +6a 2.54+£0.18b

aData represent means + SD (n=3 from separate plants). Different letters express significant difference for temperature treatments (Tukey’s test, p < 0.05).

T, is the leaf temperature treatment.

The F, is related to the loss of the excitation energy
during its transfer from the pigment bed to reaction centers,
and the F\/F, is an indicator for the electron transport chain
state and effectiveness (Yordanov et al., 1997). Thus, the main
cause of the increase in F, induced by heat stress would be
the reduction in migration efficiency of the excitation energy
to PSII reaction centers (Krause and Weis, 1984; Yordanov
et al., 1997). Yordanov et al. (1997) found similar decreases
in F,/F, due to an increase in temperature in sunflower and
maize plants.

Concerning the damage promoted by heat stress in the
photochemical apparatus, the relation between the variable
fluorescence measured at 35 and 45°C [F(35°C)/F,(45°C)]
is another criterion that can be used to evaluate the
photochemical stability and, especially, the stability of the
system of oxygen evolution under stress conditions (Yordanov
et al., 1997). These authors have shown that the relation
between the basal fluorescence measured at 35 and 45°C
[F,(35°C)/F,(45°C)] can also be used as a criterion of the
stability of LHCII. High F,(35°C)/F(45°C) and low F(35°C)/
F (45°C) indicate the photochemical susceptibility to stress
conditions (Yordanov et al., 1997), which we observed in
infected plants (table 2).

Table 2. Effects of X. fastidiosa infection on the relation
between basal (£)) and variable (/) fluorescence yield
of ‘Pera’ sweet orange measured at 35 and 45°C.

Chlorophyll a fluorescence relations?

Plants

F (35 °C)/F,(45 °C) F (35 °C)/F (45 °C)
Healthy 0.87+0.07a 1.09 £ 0.09b
Infected 0.74 £ 0.03b 1.25+0.02a

aData represent means £ SD (n=3 from separate plants). Different letters
express significant difference between healthy and infected plants (Tukey’s
test, p < 0.05).

This smaller photochemical stability of infected plants
when submitted to heat stress conditions was not confirmed
by the light response curve of 4, which was not modified
with increasing temperature (figures 1A and 1B). Thus, it is
suggested that the photochemical reactions did not limit
photosynthesis in plants infected with X. fastidiosa at high
temperature.

We also noted that the increase in PPF was accompanied
by a decrease in effective quantum efficiency of PSII (AF/
F,’) at both leaf temperatures (figures 1C and 1D). High
values of AF/F,,” in healthy plants were more evident at 45°C
(p < 0.05), where infected plants presented a significant
decrease in this parameter (figure 1D). At low irradiation
levels (until 120 umol.m-2.s-1), a higher efficiency was
maintained at both temperatures for both healthy and infected
plants. The relation AF/F,, " provided a measure of the
proportion of the light absorbed by the chlorophyll associated
with PSII that is used in photochemistry; PSII is considered
an important sensitive target to environmental stresses
(Maxwell and Johnson, 2000). Thus, the decline in AF/F,,’
due to increasing PPF may reflect a closure of the reaction
centers as well as processes of dissipation of radiationless
energy (Medina et al., 2002), the former indicated by gp and
the latter by NPQ values (figure 2).

ETR was not affected by temperature (figures 1E and
1F) and marginally affected by X. fastidiosa infection at 45°C,
mostly for PPF higher than 500 umol.m-2.s-!. The highest
ETR values were found at high light intensities in healthy
plants (p < 0.05) at 45°C, with a linear increase up to 600
pmol.m2.s-! and an absence of saturation at the highest PPF
levels used (figures 1E and IF).

Fluorescence quenching was affected by temperature
and by infection with X. fastidiosa (figure 2). The g, val-
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ues decreased as the PPF increased (figures 2A and 2B).
Such decrease was stronger in infected plants than in
healthy ones at 35°C; however, no significant differences
were found between healthy and infected plants at 45°C
(figures 2A and 2B). The smallest values of g, at 35°C
were approximately 0.80 and 0.67 for healthy and infected
plants, respectively.

According to Maxwell and Johnson (2000), while AF/
F,’ is the proportion of absorbed energy being used in pho-
tochemistry, ¢ gives an indication of the proportion of opened
PSII reaction centers. Therefore, AF/F,,’ is related to the
achieved efficiency, while the values of gpand F',/F, provide
information about the underlying processes which have effi-
ciency changed. In our case, the increased light intensity

caused a decrease in gp of both healthy and infected plants

due to the closure of reaction centers, resulting from light
saturation of photosynthesis (Maxwell and Johnson, 2000).
The decrease of ¢ coupled to the increase in PPF is associ-
ated to the accumulation of electrons at the PSII acceptor
side (Schreiber and Bilger, 1987).

It is known that heat stress influences some charac-
teristics of PSII and, consequently, the photochemical re-
actions of photosynthesis (Larcher et al., 1990). Never-
theless, in this study, the changes in the photochemical
characteristics in relation to an increase in temperature
were not the main responsible factors for the differences
observed between healthy and infected plants; it would
seem that plants infected with X. fastidiosa were insen-
sible to the increase in temperature, since we found simi-
lar values of 4 at 45°C (figures 1A and 1B).
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Figure 2. Temperature effects on light response of photosynthesis related parameters of healthy (closed symbols) and X.
fastidiosa-infected (open symbols) plants: photochemical fluorescence quenching, g, (A and B), and non-photochemical
fluorescence quenching, NPQ (C and D). Measurements were done at leaf temperatures of 35°C (A and C) and 45°C (B and
D). Bars represent the mean standard deviation (n=3). PPF' is the photosynthetic photon flux.
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The increase in PPF provoked a rise in non-photochemi-
cal fluorescence quenching (NPQ), which was somewhat
higher in infected plants only at 35°C (figures 2C and 2D); at
that temperature, we observed significant differences between
healthy and infected plants already at low PPF. The high tem-
perature treatment caused a decrease in NPQ of infected plants
and, thus, no differences between healthy and infected plants
were found at 45°C (figures 2D). Changes in NPQ were re-
lated to alterations in the efficiency of heat dissipation rela-
tive to the dark-adapted state (Maxwell and Johnson, 2000).

The temperature of 45°C caused a reduction in heat
dissipation (NPQ) only in infected plants. Usually, the main
contributor to NPQ is termed high energy state quenching
and it is thought to be essential in protecting the leaf from
light-induced damage (Horton et al., 1996). This process
requires the presence of a low pH in the lumen of the thylakoid
and could also involve the light-induced formation of the
photoprotective carotenoid, zeaxanthin (Demmig-Adams and
Adams, 1992). Thus, the observed increase in NPQ could be
due to processes that protect the leaf from light-induced
impairments or from damage of the PSII reaction center itself
(Maxwell and Johnson, 2000); both processes lead to a
decrease in PSII photochemistry, which was observed in F,/
F, and AF/F,’ .

Under low light intensities (lower than 150 umol.m-2.s-1),
both healthy and infected plants showed high levels of ¢
and small values of NPQ (figure 2). Since citrus plants have
low light saturation levels, the whole photosynthetic apparatus
is believed to function better at low PPF, thus avoiding photo-
inhibition and other consequent deleterious effects promoted
by high PPF (Medina et al., 2002).

A linear relationship between the relative excessive PPF
and NPQ, as proposed by Bilger et al. (1995), was found in
both healthy and infected plants at both leaf temperatures
(figure 3). The temperature of 45°C caused the highest NPQ
values, especially on infected plants, with an excessive PPF
of approximately 0.18 (figure 3). The high correlation between
NPQ and excessive PPF is a consequence of the regulatory
mechanisms in the chloroplasts of higher plants that maintain
the fluorescence yield relatively constant under most
conditions (Bilger et al., 1995).

The highest photosynthetic rates of healthy plants at 35°C
agrees with the higher ¢p, and smaller NPQ values, though it
was evident that the photochemical reactions of
photosynthesis, indicated by chlorophyll a fluorescence
parameters, were not responsible for the large differences of

A observed between healthy and infected plants. Although
healthy and infected plants have shown similar values of AF/
F," and ETR at 35°C, 4 values were significantly different
above 200 umol.m-2.s!; suggesting the existence of
biochemical limitations on photosynthesis in plants infected
with X. fastidiosa. We have found a clear reduction in the in
vivo estimation of carboxylation efficiency in CVC-affected
sweet oranges (Habermann et al., unpublished data).
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Figure 3. Temperature effects on non-photochemical fluo-
rescence quenching (NPQ) of healthy (squares) and X.
fastidiosa-infected (circles) plants in relation to relative
excessive PPF. Measurements were done at leaf tempera-
tures of 35°C (closed symbols) and 45°C (open symbols).
Each point represents the mean value of NPQ (n=3).

It is important to note that all photosynthetic responses
were obtained from leaf discs without any visual symptoms,
which indicated that CVC causes photosynthetic injuries prior
to the development of external symptoms. Esau (1948)
reported that the gum deposition in xylem vessels of grapevine
with Pearce’s disease and peaches with Phony peach, both
caused by X. fastidiosa, was the first internal disease symptom
and could cause photosynthetic limitations (Machado et al.,
1994; Ribeiro, 2002; Habermann et al., 2003). This deposition
in addition to the increase in tylosis formation occurred before
the development of visual symptoms. Machado et al. (1994)
and Oliveira et al. (2000) also reported low photosynthesis
and low sap flow of sweet orange plants with early CVC
symptoms, respectively.
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Summarizing, the photosynthesis of plants infected with
X. fastidiosa seems to be affected by impairments on
biochemical reactions at 35°C. Infected plants showed a higher
photochemical sensitivity at 45°C, although the increase in
temperature did not affect photosynthetic oxygen evolution.
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