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ABSTRACT — Analysis of transient and modulated fluorescence of chlorophyll @ were made at one-hour intervals
during an eight-hour period starting at 07:30h aiming to study mechanisms of photoprotection against high
radiation and temperature in Gallesia integrifolia plants. Seeds were germinated inside plastic pots containing
soil as substrate. At 120 days after emergence, chlorophyll fluorescence measurements were performed using
Handy-PEA and FMS2 fluorometers. During the course of a day, an increase and a subsequent decrease in
temperature and in photosynthetic active radiation were observed until 12:30h. Changes in transient kinetic
curves of chlorophyll a fluorescence were identified. This resulted in changes in JIP test parameters. An increase
during the period of high radiation and temperature may be stressed in relation to variables related to dissipation
flux and appearance of positive -K and -L bands. Considering the modulated fluorescence, high values of non-
photochemical quenching coefficients associated with lower values of effective photochemical efficiency of
the photosystem II (FV'/ FM') and current photochemical efficiency of PSII (pPSII) could be observed during
early morning. This was probably the result of an inhibition of the biochemical phase of photosynthesis.
It can be concluded that Gallesia integrifolia decrease its photochemical activity with the increase in the
photosynthetic active radiation, demonstrating a photoinhibitory effect under high irradiance conditions,
but without irreversible damages to the photosynthetic apparatus.

Keywords: Gallesia integrifolia; Photosynthetic active radiation; JIP test.

VARIACOES DIURNAS DA FLUORESCENCIA DA CLOROFILA A EM MUDAS
DE PAU D'ALHO

RESUMO — Analises das fluorescéncias transiente e modulada da clorofila a, foram realizadas em intervalos
de uma hora, durante o periodo de oito horas, iniciando-se as 07h30min, com o objetivo de estudar mecanismos
de fotoprotec¢do a elevacdo da radiacdo e temperatura, em plantas de Gallesia integrifolia. Sementes foram
dispostas para germinar em vasos de polietileno contendo solo como substrato. Aos 120 dias apos a emergéncia,
determinagoes da fluorescéncia da clorofila foram realizadas com o uso dos fluorémetros Handy-PEA e FMS?2.
Durante o transcorrer do dia foi observada elevagdo na temperatura e na radiagdo fotossinteticamente ativa
até as 12:30h com posterior queda. Identificou-se altera¢do nas curvas de cinética transiente da fluorescéncia
da clorofila a o que resultou em altera¢do nos pardmetros de teste JIP, podendo ser destacado a elevagao,
durante o periodo de alta radiagdo e temperatura, nas variaveis relacionadas ao fluxo de dissipagdo, juntamente
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com o aparecimento das bandas -L e -K positivas. Para a fluorescéncia modulada destacam-se altos valores
dos coeficientes de extingdo ndo fotoquimico associados aos menores valores da eficiéncia fotoquimica efetiva
do fotossistema Il (FV'/FM') e eficiéncia fotoquimica atual do F'S II (pPSII) no inicio da manhd, resultado
provavelmente de uma inibi¢do da fase bioquimica da fotossintese. Pode-se concluir que as plantas de pau
d'alho apresentam decréscimo na atividade fotoquimica com o incremento da radiag¢do fotossinteticamente
ativa, demonstrando um efeito fotoinibitorio sob condi¢des de alta irradidncia contudo, sem dano irreversivel

ao aparato fotossintético.

Palavras chave: Gallesia integrifolia; Radiagdo fotossinteticamente ativa, Teste JIP.

1. INTRODUCTION

Gallesia integrifolia (Spreng.) Harms belongs
to the Phytolaccaceae family and is naturally present
in several Brazilian states, from Ceara (north) to Parana
(south). It is a large tree species common in Atlantic
rain and semideciduous forests. It is a pioneer plant
with a fast growth, optimal for a heterogeneous
reforestation (LORENZI, 2004).

The use of native species for the restoration of
devastated natural forests generates the need for
production of seedlings as well as knowledge on the
performance of such seedlings in the field. Light
conditions imposed in the field after transplanting
seedlings affect growth, morphology and chlorophyll
content (HUSSNER etal., 2011) and may cause damage
to the photosynthetic apparatus. Thus, the interaction
ofradiation with plants plays a key role in the growth
and development of plants.

The functioning of the photosynthetic apparatus
is a key indicator of physiological plant growth in a
given environment (FRANCO, 2004). Currently, several
methods have been used to analyze the effects of stress
on the photosynthetic metabolism and its adjustability
in response to changes in environmental factors.
Techniques that provide information related to
photosynthesis stages allow an analysis of the factors
involved in regulating the use of light energy and electron
transport in addition to the biochemical metabolism
of carbon assimilation.

The kinetics of chlorophyll a fluorescence is
sensitive to environmental stresses. Even small changes
in the structure and functioning of the photosynthetic
apparatus may be easily detected by a proper analysis
(STRASSER etal., 2004). Defined by Lavorel (1975)
as the reissuance of light by excited chlorophyll
molecules, fluorescence is the result of loss of photon
energy absorbed by the chlorophyll @ not used during
the photochemical stage of the production of ATP and
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NADPH. Chlorophyll a fluorescence can be induced
by continuous signals (transient fluorescence) or by
modulated excitation (STRASSER etal., 2004).

The analysis of the kinetics of fluorescence emission
was improved due to the development of the JIP test.
It analyzes the fast increase in OJIP fluorescence
considering multiple variables (STRASSER; STRASSER,
1995) and allows quantifying in vivo the energy flows
that pass through photosystems, in addition to evaluating
the photosynthetic performance of plants and analyzing
the function of PSII (YUSUF etal., 2010). It thus reflects
the rate of electron transport flow inside thylakoid
membranes, the subsequent operation of the ferredoxin-
NADP oxidoreductase and the Calvin cycle (SZILVIA
etal., 2007). When transient curves are normalized and
subtracted, the kinetic difference reveals bands that
are normally hidden between stages O, J, Iand P (YUSUF
etal., 2010). As an example, the appearance of the positive
-K band reflects the inactivation of the evolution complex
of oxygen, and the -L band is indicative of the degree
of clustering of PSII units. It may be positive or negative
(STRASSER; STIRBET, 1998).

In this context, the objective of this study was
to evaluate the daytime variations of chlorophyll a
fluorescence in Gallesia integrifolia seedlings indicating
possible photoprotection mechanisms.

2. MATERIALS AND METHODS

Gallesia integrifolia (Spreng.) Harms seeds,
collected in Ibaté, Sao Paulo (SP) state, were placed
to germinate in plastic pots with a 3 L capacity containing
soil as substrate, and kept in a greenhouse with water
control whenever necessary. After 120 days after
emergence, chlorophyll a fluorescence measurements
were performed at one-hour intervals during an eight-
hour period starting at 07:30.

Throughout the experimental period, the temperature
(in °C) and the photosynthetically active radiation (PAR,
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expressed in pumol m? s™') were measured along with
fluorescence variables. Temperature and PAR data were
directly obtained using a FMS2 portable fluorometer
(Hansatech Instruments), which has an automated
system for temperature and PAR readings. The
evaluations of chlorophyll ¢ transient and modulated
fluorescence were made in the fully expanded top leaf.
The experiment was conducted in a completely randomized
design with one plant as the experimental unit and
10 replications.

The transient chlorophyll a fluorescence was
measured using a Handy-PEA portable fluorometer
(Hansatech Instruments). It was induced by red light
at approximately 3,000 pmol m™ s™!' and analyzed by
JIP test (STRASSER et al., 2000; 2004; TSIMILLI-
MICHAEL; STRASSER, 2008) using fluorescence
intensity measurements at 50 ps (initial fluorescence,
F,), 2 ms (fluorescence at point J, F,), 30 ms (fluorescence
at Point I, F)) and maximum fluorescence (F,,). For each
variable, the values were normalized using as reference
the respective control (measurements at 07:30). The
normalization of fluorescence variables consists in
transforming data of the control measurement in unit
values and the other data in relation to this value.

To compare the events reflected in the phases
0lJ, Ol and IP, transient curves were normalized as relative
variable fluorescence: W = (F -F)/(F, -F), W, =
(F-F)/(F,-F), W, =(F-F)(F-F)and W ,=(F —F)/
(F,,—F) (TSIMILLI-MICHAEL; STRASSER, 2008). To
analyze the kinetic difference, the differences among
relative variable fluorescence curves were calculated
Qaw=w,__-W_ D) aprocedure thatreveals bands
usually not identified between the stages O and J of
the relative variable fluorescence curves.

The modulated fluorescence was measured using
a portable fluorometer (FMS2, Hansatech Instruments).
The readings were taken at the same time and in the
same leaf as used for transient fluorescence
measurements. The initial fluorescence (F,)) was measured
at a low-intensity modulated light (<0.1 pmol m?2s).
The maximum fluorescence was determined after applying
a saturating pulse (3,000 pmol m s'') with a duration
of 1 second in leaves previously adapted to dark for
30 minutes (STRASSER et al., 2004). After the initial
measurements were made, the leaves were continuously
illuminated with an actinic light intensity o£200 pmol
m? s, This light was applied until reaching the terminal
fluorescence or the steady-state (PS). Then, a second
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saturating pulse at 3,000 pmol m~2 s*! was used to
determine the maximal fluorescence in an adapted to
light state (F,,”). After the actinic light was switched
off, the minimum fluorescence in an adapted to light
state (F ') was measured by the leaf illumination with
red light for 1 second. Using the fluorescence levels
measured in adapted to light and dark states, the following
variables were calculated: a) effective photochemical
efficiency of PSII when all PSII reaction centers were
open (F’/F,,’); b) actual photochemical efficiency of
PSII [y, = (F,, -PSY F,’]; ©) coefficient of photochemical
quenching [qP = (F,’- PS)/(F,’- F *)] (GENTY etal.,
1989); d) coefficient of non-photochemical quenching
[qNP = (F,,-F )/F,,—F )] (SCHREIBER etal., 1986).

3. RESULTS

Figure 1 shows the variation of temperature and
the photosynthetically active radiation during the
experimental period. A lower PAR was observed in early
morning: 181 pmol m? s™!. With the course of the day,
the photon flux density increased, with a maximum peak
of 1,928 pumol m? s at 12:30 and a subsequent gradual
decrease until the end of the day. A similar behavior
could be observed for temperature, but with a lower
range of variation (25-42°C at 07:30 and 12:30,
respectively).

In relation to transient chlorophyll @ fluorescence,
the analysis of the JIP test evidenced greater values
of flow absorption per reaction center (ABS/RC) after
the period with the greatest radiation and temperature,
i.e., after 12:30 without, however, modifying the capture
flow by reaction center (TR /RC) at the different times.
The electron transport flow (ET /RC) decreased at 12:30,
unlike the other studied intervals. The reduction flow
by reaction center (RE/ RC) kept high values during
the course of the day. A similar behavior was found
for dissipation flow (DI /RC), but with higher values
(Figure 2).

The parameter PI, ,  showed decreasing values,
especially after the period with the greatest radiation
and temperature. Regarding PI ., , the decrease in
values was lower. However, values higher than the
control were found at 09:30.

The analysis of the kinetic difference of fluorescence
emission curves between stages (50 us), K (300 ps)
(Figure 3C) and (50 ps) and J (2 ps) (Figure 3D) allowed
identifying positive -L and -K bands, respectively, at
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Figure 1 — Photosynthetically active radiation (PAR, pmol
m=2 s, --O--) and temperature (T, °C --m--)
monitored during the experimental period.

Figura 1— Radiacdo fotossinteticamente ativa (RAF, umol
m?s!, --O--) e temperatura (T,°C, --® --)
monitoradas durante o periodo experimental.

approximately 150 and 300 ps. The -L band had the
greatest amplitude between 14:30 and 15:30. A similar
behavior could be observed for AW, with the emergence
of the -K band. Thus, the overall reduction rate of final
electron acceptors was higher (less time to reach VIP
=0.5) at 14:30, unlike the lower decrease rate of the
final acceptors of PSI at 07:30.

Regarding the normalization of fluorescence
emission curves between the stages O (50 us) and
(30 ms) (Figure 3 E, F) as variable fluorescence (W )
associated with the interpretation of the standardization
of the variable fluorescence between the stages O and
I and with values higher or equal to 1 (W, >1), there
is an increase in the amplitude of the curve around
2 ms (point J) for the time interval between 12:30 and
14:30. Regarding the variable relative fluorescence
between the stages [ and P (W) (Figure 3G), there
is a longer time to reach W ;= 0.5 during the first hour
of experiment.

Figure 4 shows the values for modulated
fluorescence. TheratioF */F,” and @, showed a similar
behavior for both parameters, where the lowest values
were determined at 07:30, with a slight increase after
this time and a further decrease at 12:30, period
corresponding to the highest temperature and radiation.
The parameters that represent the non-photochemical
dissipation (P and qNP) showed higher values during
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Figure 2 — JIP test parameters of Gallesia integrifolia plants
evaluated during one-hour intervals for eight hours.
For each parameter, the values were normalized
using as a reference the value for 07:30. Only
the most representative times are shown.

Figura 2 — Pardametros do Teste JIP em plantas de Gallesia
integrifolia realizadas em intervalos de uma hora,
durante o periodo de oito horas. Para cada
pardmetro os valores foram normalizados, utilizando
como referéncia o valor das 7:30h. Estdo
apresentados apenas os hordarios mais
representativos.

the low radiation period, i.e., at early morning. The
photochemical quenching (qP) did not change during
the course of the day. For the coefficient of non-
photochemical quenching (QNP), high values were
identified at 07:30 with a marked decrease up to 10:30.
After such period, the values were stable.

4. DISCUSSION

From the transient chlorophyll a fluorescence,
the structure and the conformation of the electron
transport chain can be analyzed by a representation
of an energy flow cascade. The increase in DI /RC values
in the intervals between 12:30 and 15:30 shows that
most of the energy absorbed by PSII was dissipated
as heat or fluorescence, decreasing the percentage
of'energy channeled to reaction centers (TR /RC) for
conversion into energy capable of reducing quinone
A (Q,), thus reducing the other carriers in the electron
transport chain (ET /RC and RE /RC). Generally, under
a low light intensity, most of the light absorbed by
the chlorophylls can be used in photosynthesis
photochemical processes (high photosynthetic
efficiency). However, at a relatively high-intense light,
only part of the absorbed light may be used (LONG
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Figure 3 — Evaluation of transient chlorophyll a fluorescence of Gallesia integrifolia leaves performed at one-hour intervals
for eight hours. (A) Intensity of fluorescence; (B) relative variable fluorescence; (C) kinetic difference of W

SIIF

[AV = V treatament - V . control)]; (D) kinetic difference of W [AV = (V

Voseannop]s (E) variable

Oltreatament

fluorescence between the points O and I [W = (F - F)/(F - F)]; (F) W, between 30 and 300 pus; (G) variable
fluorescence between the points [ and P [W,, = (F - F)/(F,, - F))]. Only the most representative times are shown.
Figura 3 — Fluorescéncia transiente da clorofila a de folhas de plantas Gallesia integrifolia realizada em intervalos de
uma hora, durante o periodo de oito horas. (A) Intensidade de fluorescéncia; (B) fluorescéncia varidvel relativa;
(C) diferenca cinética de WOK [AV ,, =V, tratamento - V , controle)]; (D) diferenga cinética de WOJ [AVOJ

OJtratamento ~

Voseonwaid s (E) fluorescéncia varidvel entre os pontos O el [W,, = (F - F)/(F,-F )], (F) W,

no tempo entre 30 e 300 us; (G) fluorescéncia variavel entre os pontosle P [W,,= (F - F)/(F,- F)].Estdo
apresentados apenas os hordrios mais representativos.
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Figure 4 — Fluorescence modulated chlorophyll a plant
Gallesia integrifolia at intervals of one hour
during the period of eight hours. Maximum
photochemical quantum yield (FV'/FM'); current
photochemical efficiency of PSII (¢PSII) in
state adapted the light; extinction coefficient
of photochemical (qP) and extinction coefficient
non-photochemical quenching (qNP).

Figura 4 — Fluorescéncia modulada da clorofila a de plantas
de Gallesia integrifolia em intervalos de uma hora,
durante o periodo de oito horas. Rendimento
qudntico fotoquimico mdximo (FV'/FM); eficiéncia
fotoquimica atual do FS Il (pPSI]) em estado
adaptado a luz, coeficiente de extingdo fotoquimico
(qP) e coeficiente de extingdo ndo-fotoquimico
(gNP).

et al., 1994). Moreover, under high light conditions,
the antenna system presents an excessive influx of
photons to the PSII reaction center (HORTON et al.,
1996). This causes a decrease in electron transport
as a protection mechanism. However, there are separate
mechanisms to deal with light stresses such as changes
in fluorescence parameters related to the size of the
PSII antenna (LAZAR, 2006).

Regarding the performance indexes P1, ,cand PL .,
low values in higher radiation and temperature intervals
can be explained by the behavior of RC/ABS ratio and
the [¢, /(1 - @, )] ratio, which were the components
that contributed the most to the decrease of PI, . during
the course of the day. Thus, it can be inferred that
the increase in radiation associated with the increase
in temperature causes a decrease in the number of active
RCs of PSII, inactivation of RCs and efficiency of redox

reactions in PSII.
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The results for AW, are explained by the amplitude
of the -L band. The higher the amplitude, the lower the
connectivity or grouping of PSII units, a fact observed
between 12:30 and 14:30. The emergence of the -K band,
which describes the balance established between electron
transports, is associated with the inactivation of the oxygen
evolution complex. PSII is considered more susceptible
to high temperatures when compared to the PSI, as it
presents the most vulnerable donor side in the electron
transport chain (WEN et al., 2005). In this context, the
oxygen evolution complex is among photosynthetic
processes noticeably affected by the emergence of the
-K band. Such an event has been attributed to a thermal
stress at 44-48°C (LAZAR, 2006). This stress results in
an imbalance in the electron flow, causing the acceptor
side of the electron flow rate to exceed the donor side
of the electron flow rate of PSII (LAZAR, 2006).

By analyzing the modulated fluorescence, the ratio
F '/ F,’ and the @PSII represent, respectively, the
maximum photochemical quantum yield and the current
photochemical yield adapted to light. The ratio F,,’/
F,, provides an estimate of the maximum photochemical
efficiency of PSII samples adapted to light when Q,
is oxidized. During the evaluation periods, there was
a higher yield at 11:30, indicating that the fraction of
light absorbed by the chlorophyll, associated with the
activity of PSII, was effectively used in photochemical
processes. The decrease in the parameters related to
photochemical efficiency in the subsequent period (12:30)
can be linked to the photoinhibition (LONG et al., 1994)
caused by the high PAR (Figure 1), which in turn coincides
with higher values of non-photochemical quenching
coefficient during the same period (Figure 4).

The parameters representing photochemical dissipation
with higher values during the low radiation period, i.e.,
at early morning, are related to the inactive state of the
enzymes of the CO, reduction cycle (Calvin Cycle) or
to the presence of inhibitors of Rubisco activity
(BUCHANAN, 1980). In this context, there is an accumulation
ofreducing power (NADPH, ) and ATP when the biochemical
phase is inhibited or with a low activity. This caused
arestriction in the electron transport chain and an increase
in energy dissipation absorbed as heat.

5. CONCLUSIONS

It can be concluded that Gallesia integrifolia
decreases its photochemical activity with the increase
in the photosynthetic active radiation, demonstrating

SIIF
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aphotoinhibitory effect under high irradiance conditions,
but without irreversible damage to the photosynthetic
apparatus.
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