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Abstract

The influence of chilling (8 °C, 5 d) at two photon flux densities [PFD, L = 200 and H = 500 umol(photon) m > s '] on
the gas exchange and chlorophyll fluorescence was investigated in chilling-tolerant and chilling-sensitive maize hybrids
(Zea mays L., K383xK130, K185xK217) and one cultivar of field bean (Vicia faba L. minor, cv. Nadwislanski). The net
photosynthetic rate (Py) for the both studied plant species was inhibited at 8 °C. Py of both maize hybrids additionally
decreased during chilling. Changes in the quantum efficiency of PS2 electron transport (®ps;) as a response to chilling
and PFD were similar to Py. Measurements of ®pg,/Dco, ratio showed that in field bean seedlings strong alternative
photochemical sinks of energy did not appear during chilling. However, the high increment in ®pg,/Dcp, for maize
hybrids can indicate reactions associated with chill damage generation. At 8 °C the non-photochemical quenching (NPQ)
increased in all plants with chilling duration and PFD. The appearance of protective (q;,) and damage (q;,4) components
of q; and a decrease in qg (energy dependent quenching) took place. NPQ components of field bean and maize hybrids
differed from each other. The amount of protective NPQ (qg + q;,) components as part of total NPQ was higher in field
bean than in maize hybrids at both PFD. On 5" day of chilling, the sum of qg and qip Was 26.7 % of NPQ in tolerant
maize hybrids and 17.6 % of NPQ in the sensitive one (averages for both PFD). The increased PFD inhibited the ability
of all plants to perform protective dissipation of absorbed energy. The understanding of the genotypic variation of NPQ
components in maize may have implications for the future selection of plants with a high chilling tolerance.

Additional key words: chlorophyll fluorescence; photochemical and non-photochemical quenching, photoinhibition; photosystem 2;
Vicia; Zea.

Introduction

Photosynthesis is the most important photochemical sink
for energy absorbed by leaves. Because of strong CO,
assimilation inhibition in maize evoked by chilling
(Farage and Long 1987, Greer and Hardacre 1989), the
maize photosynthetic apparatus is liable to damages. A
decrease in the photochemical use of radiation absorbed
by pigments can lead to the production of potentially
dangerous reactive oxygen species, ROS (Baker 1994).
Non-photochemical processes, which help to dissipate the
excess of absorbed energy, include two very important
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components: energy dependent one (qg) and photoinhi-
bitory quenching (q;) (van Wijk and van Hasselt 1993a,
Ting and Owens 1994, Ruban and Horton 1995). g mag-
nitude is regulated by pH gradient across the thylakoid
membrane and by inter-conversion of pigments in the
xanthophyll cycle (Owens ef al. 1993, Ting and Owens
1994, Ruban and Horton 1995). q; component contains
photoprotective (qy,) and damage (q;4) sub-components
of photoinhibitory quenching (Ting and Owens 1994). An
appearance of damage sub-component of q; is connected

Abbreviations: C; = intercellular CO, concentration; Fy, F,, = minimum and maximum fluorescence yield in dark adapted plants,
respectively; Fg, Fo, F.’ = actual, minimum, and maximum fluorescence yield in light-adapted plants, respectively; F, =F, — F;
F,=F, —Fy’; F,’/F,’ = efficiency of excitation energy capture by open PS2 reaction centres; gy = stomatal conductance; H and L =
high and low photon flux densities [200 and 500 pmol(photon) m s '] during chilling; NPQ = non-photochemical quenching of
chlorophyll fluorescence; Py = net photosynthetic rate; PAR = photosynthetically active radiation; PFD = photon flux density; PS2 =
photosystem 2; q, = photochemical fluorescence quenching; qg = energy dependent quenching; q; = component of NPQ associated
with photoinhibition of photosynthesis (q;4) and processes protecting against PS2 photoinhibition (qyp); Ssg = standard error of the
mean; Ocp, = quantum efficiency of CO, assimilation; ®pg, = quantum efficiency of PS2 electron transport.

174



PHOTOSYNTHESIS AND NON-PHOTOCHEMICAL EXCITATION QUENCHING COMPONENTS

with the photoinhibition of PS2 reaction centres (Krause
1994).

The differentiation of NPQ components is possible on
the basis of the speed of their relaxation in the dark
(Krause and Weis 1991, van Wijk and van Hasselt
1993a,b, Leitsch et al. 1994, Melkonian et al. 2004). qg
relaxes much more rapidly than qy,, and q,q. quq is irre-
versible in the dark, requiring the irradiance dependent
chloroplast protein synthesis to repair damaged PS2 re-
action centres complex (Krause and Weis 1991, Leitsch
et al. 1994).

In usually short experiments, plants are able to
regulate NPQ assuring a dissipation of excess absorbed
PFD, which can not be used in photochemical processes

Materials and methods

Plants and growth conditions: We used two hybrids of
maize (Zea mays L., K383xK130, K185xK217) of diffe-
rent chilling tolerance and one cultivar of field bean
(Vicia faba L. minor, cv. Nadwislanski). Plants were
grown in growth rooms in pots (5 000 cm®) filled with a
mixture of clay, peat, and sand (3 :2: 1, v/v/v) at a 16-h
photoperiod, PED of 350 pmol(photon) m ?s" (provided
by high pressure sodium lamps, Philips SON-T AGRO,
400 W) and at 50-60 % of air humidity. During germina-
tion (5 d) constant temperature of 20 °C was kept and
after emergence the temperature was 20/17 °C (day/
night). After 12 d, 4 leaves were visible for maize and
3 leaves for field bean. Then the vegetation temperature
was lowered to 8 °C (day/night, 5 d). At that time two
PFD were kept: 20030 and 500435 pmol(photon) m >
s' (on level of upper leaves). After 0, 3, and 5 d, we
transferred some of the plants to 20/17 °C (day/night, 3 d)
to make observations of necrotic leaf injuries caused by
chilling. Seedlings were watered and fertilized with half-
strength Hoagland nutrient solution as required. All
measurements were made in nine replicates on the 3™ leaf
(maize) and on leaflet of the 3" leaf (field bean).

Gas exchange: Net photosynthetic rate (Py), stomatal
conductance (g;), and intercellular CO, concentration (C;)
in plants were measured by an infrared gas analyser
(Ciras-1, PP Systems, Hitchin Herts, UK) with a
Parkinson leaf chamber (PLC6) controlling automatically
the measurement conditions. The irradiation system (PP
Systems, Hitchin Herts, UK) consisted of 3 halogen lamps
(3%20 W). The flow rate of air with constant CO,
concentration [400 pmol(CO,) mol '(air)] through the
assimilation chamber was 350 cm’ min'. Studies of the
gas exchange were performed at vegetation temperature,
directly before chilling (20 °C), and also after 3 and 5 d at
8 °C (the leaf temperature) at two PFD: 200+3 and
500+4 pmol(photon) m > s '. Gas exchange parameters
were calculated according to the equations of Parkinson
et al. (1980).

(Laisk et al. 1977, van Wijk and van Hasselt 1993a,
Melkonian et al. 2004). However, under strong stress this
regulation disappears in several species (Laisk et al.
1997). It is not clear whether the differentiation of
protective components NPQ (qg and ) appears in dif-
ferent maize genotypes during long chilling periods and
whether it is correlated with tolerance for low
temperatures.

The aim of this work was to find changes in NPQ
components for two maize hybrids with different
sensitivity to chilling during vegetation for a long period
(5 d) at low temperature and at low and high PFD irradia-
tion. As a reference, we used plants of field bean known
as resistant to chilling.

Chlorophyll & fluorescence was measured by means of a
pulse amplitude modulation fluorometer (FMS2, Hansa-
tech). The source of the modulation beam (duration
pulses 1.8 ps, 2.3 kHz) was the amber LED [peak wave-
length 594 nm, PFD ca. 0.05 pmol(photon) m?s'].
Actinic and pulse irradiations were provided by a halogen
lamp (20 W). The signal detector was a PIN photodiode
with a long-pass filter (>700 nm), the sampling rate was
10-20 kHz (depending upon the instrument mode).
Fluorescence parameters (F,, F,, etc.) were calculated
automatically with the standard for the fluorometer
procedures. The efficiency of excitation energy capture
by open PS2 reaction centres (F,”/F,’), the photo-
chemical quenching (q,), and the quantum yield of
electron transport at PS2 (®pg,) were determined (Genty
et al. 1989). NPQ parameters were calculated as energy-
dependent quenching (qg), the protective (qip) and
damage (qiq4) sub-components of photoinhibitory quen-
ching (qy). These components of NPQ were separated on
the basis of differences in relaxation times in the dark
(Krause and Weis 1991, van Wijk and van Hasselt
1993a,b, Leitsch et al. 1994, Melkonian et al. 2004). The
contribution of qg was determined following 15 min of
dark relaxation, qi, was measured as the difference in
NPQ between a 15 min and a 2 h dark relaxation
(Demmig and Bjorkman 1987, Hodges et al. 1989,
Walters and Horton 1991, van Wijk and van Hasselt
1993a, Leitsch et al. 1994, Melkonian ef al. 2004). Listed
relaxation periods were the same as applied for bean plant
at 6.5 °C by Melkonian et al. (2004). They are longer
than the ones used at high temperature because of slower
relaxation processes during chilling than under normal
conditions (Adams et al. 1990, van Wijk and van Hasselt
1993b). This method does not allow for perfect differen-
tiation between qg and qi, (van Wijk and van Hasselt
1993b). Values of qg can include a quenching component
related to the light state transition (qr) (Walters and
Horton 1991). However, qr under conditions that provoke
strong photoinhibition was omitted because of its low
value (Krause and Weis 1991).
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The fluorescence parameters (qg, qi, and NPQror)
were scaled to pre-treatment F, (F,”) on order to compare
directly these parameters (see Melkonian et al. 2004).
Values of NPQor components were calculated according
to Ting and Owens (1994) and Melkonian et al. (2004),
who introduced or applied the technique allowing for
a direct comparison of qg and q; of samples differing
in F/F:

qI = [va - th (POP/FOt)]/FVP,
qe = [(Fmt - Fmt) FOP/FOt]/va

Superscript P denotes pre-chill samples (NPQror = 0),
while ‘ means treated samples (NPQpor>0). The damage
+ protective sub-component of q; were studied after 2 h,
and a damage sub-component of q; after 15 min in the
darkness. On this basis, NPQror = qg + qip + qi¢. Ana-
lyses were performed directly after gas exchange
measurements. We removed leaves from the assimilation
chamber and placed the fluorescent measurement clips on
the leaf surface, precisely in the middle of the parts of
leaves, which were used for gas exchange rate measu-
rements. Leaves (without being removed from plants)
were put into a container with constant concentration of
CO, [400 pmol(CO,) mol '(air)] and at ambient tempe-
rature. Measurements of F, and me were carried out after
15 min in the “actinic light” with the same irradiance as it

Results

Chilling injuries, gas exchange, and quantum yield of
PS2: Leaves of field bean were not damaged by 8 °C as
opposed to the maize ones (Fig. 1). The injuries to maize
increased with the prolongation of the chilling period and
also with an increase in PFD. The genotype K383xK130
was more chill-sensitive. The injuries appeared earlier
(3™ day) than in K185xK217 and included larger part of
leaf area. After 5 d of vegetation under H, injuries spread
over around 54 % of leaf surface in the chill-sensitive
hybrid while in the chill-tolerant it reached only to about
37 %. The decreased temperature inhibited Py in ana-
lysed leaves in maize and in field bean (Fig. 24).
H combined with chill increased the inhibition of photo-
synthesis only in maize hybrids. At the same periods of
vegetation, Py of field bean was higher for H. After the
transfer of plants into chilling conditions, g decreased for
all plants, but usually relatively less than Py (Fig. 2B).
However, Py and C; were linearly related (Fig. 2C).
Hence, it is less probable that Py was limited strongly by
stomata at low temperature. CO, concentration in leaves
with low Py values [less than 8 pmol(CO,) m?s']
decreased by no more than 16 % in relation to CO,
content in the external air and that is why it did not limit
photosynthesis. Decreasing C; for some plants in the
range of 330-250 umol(CO,) mol '(air) did not change
Py. Stomata limitation could be connected only with
high Py at 20°C when C; decreased to around
130 pmol(CO,) mol ..
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was used in gas exchange measurements. Fy' was mea-
sured after turning off the “actinic light” by immediate
irradiation of the leaf for 3 s by a far red emitting diode
(peak wavelength 735 nm, with about 15 W m ?). Mea-
surements in the dark (Fy, F,,) were done after 15 min and
2 h. The saturating pulses (Fy, Fy,) had an irradiance of
about 5800 pmol(photon) m 2 s and lasted 0.9 s. For
fluorescence and gas exchange measurements, we applied
the protocol by Melkonian et al. (2004).

Leaf absorbance (reflectance and transmittance) were
measured by means of a LiCor 1800 spectroradiometer
with a LiCor integrating sphere (LiCor, Lincoln, NE,
USA). PAR absorbance (400-700 nm) was calculated
based on difference between incident, transmitted, and
reflected radiation.

Assessment of necrotic injuries of leaves: During the
recovery period (3 d), 20/17 °C (day/night), a photo-
period of 15h [350 umol(photon) m?* s'] and the
relative air humidity of 50-60 % were kept. After the
recovery period, a visual assessment of necrotic injuries
of the third leaves according to an eight-grade scale in the
percentage of injured leaf area (0, 5, 15, 25, 35, 50, 75,
and 100 %) was made.

Changes in PS2 electron transport (®pgy), as a
response to chilling and PFD, were similar to those in Py
for maize and field bean (Fig. 34). At the low tem-
perature, slightly higher activity of PS2 electron transport
was found for tolerant maize hybrids. The important
obstacle for PS2 energy transport at low temperature and
at H was connected with a decrease in the number of
“open” reaction centres (decrease in qp) (Fig. 3B). That is
why q, and ®pg, changes were similar.
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Fig. 1. Necrotic injuries to field bean and two genotypes of
maize (chill tolerant and chill sensitive) in relationship with
PFD and the time of growth at 8 °C. Injuries were measured
after chilling (3 d at 20 °C). Means+SE.
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The ratio ®@pg,/Dco, indicates how efficiently the PAR
is used for carbon fixation, i.e. the higher the ratio the
lower efficiency of photon energy use (Fig. 30C).

about 13.0 at 20 °C to 14.5-15.3 at 8 °C. The highest
Dpgr/Dco, increment was after vegetation at H. The
increase in ®pgy/Pco; values can indicate the appearance

Dps,/Dco, values for field bean plants were at all tempe- of photochemical sinks not connected with CO,
ratures and irradiations nearly constant. However, in assimilation.
maize hybrids the ®pgy/Pco, increment occurred from
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Fig. 2. Net photosynthetic rate, Py (4), stomatal conductance, g; (B), and relationship between Py and C; (C) in leaves of field bean
and two genotypes of maize before chilling (20 °C) and during growth at 8 °C for different PFD. Py, g, and C; were determined at 200
and 500 pmol(photon) m s~ PFD and at temperature of vegetation. Means + SE.

Components of NPQ: The scaled contributions of qg, q,
and qiq into NPQror in relation to irradiation during
chilling are shown in Fig. 44. After the transfer of maize
and field bean seedlings to 8 °C, NPQqor increased
strongly despite of qg decrease with the prolongation of
chilling and an increase in PFD. NPQor increment was
connected with the appearance of the protective and
damage components of q;. During chilling, strong
differences between NPQror components of field bean
and maize were visible as well as among hybrids of
maize. NPQqor (g + qip) protective components of field

Discussion

Contrary to maize, field bean did not show necrotic
injuries of leaves after vegetation at 8 °C. Plant chilling
sensitivity may be caused by an ability of the lipid
membrane to change at a low temperature from fluid to
solid phase. This results in conformational changes and
higher activation energy in membrane-bound enzymes
and in dysfunction of membranes (Lyons 1973, Raison
1974). This phase transition of lipids is considered the
primary event of chilling injury (Lyons ef al. 1979).

In this study, after the transfer of seedlings from 20 to
8 °C, the photosynthesis inhibition was stronger for maize

bean contributed more to NPQror at both PFD than they
did in the case of hybrids of maize (Fig. 4B). For
instance, after 5 d qg and q;, sum was 43.5 % of NPQror
for field bean and 22.2 % of NPQqor for both maize
hybrids (mean values for H and L). At the same time, the
sum of these quenching components of NPQror (mean
values for both PFD) was 26.7 % for the maize tolerant
hybrid and only 17.6 % for the sensitive hybrid. The
increase in irradiance declined very clearly the ability of
all plants to utilize the mechanism of the protective
scattering of photon energy.

than for field bean plants (Fig. 24). The low use of
absorbed PAR by the photosynthetic process could
provoke, especially in the case of maize, the formation of
potentially damaging ROS (Baker 1994). Py in maize at
lowered temperature was smaller at H than at L. The
metabolic cause of it could be the increased production of
ROS at high PFD at decreased efficiency ROS scaven-
ging systems during chilling, which led to the damage of
the photosynthetic apparatus.

A decrease in C;in leaves of field bean seedlings can
induce a decrease in photosynthesis (Lal et al. 1996). In
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our experiments, a decrease in Py during chilling could
not be ascribed to a g increase. Py of field bean and
maize took place at a much higher concentration of CO,
in leaves than at 20 °C (Fig. 2C). A lack of essential
stomata limits of photosynthesis in maize during chilling
is well-documented (Irigoyen et al. 1996, Janda et al.
1998, Koscielniak ef al. 2005).
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Fig. 3. Quantum efficiency of PS2 electron transport, ®pg, (4),
the photochemical excitation quenching (B), and ®pg,/D o, ratio
(C) in leaves of field bean and two genotypes of maize before
chilling and during growth at chilling as in Fig. 2. Means + SE.

The ratio between the quantum yield of PS2 and CO,
is an estimate of the relationship between electron trans-
port rate and carbon fixation (Genty et al. 1989).
Experimentally, ®pg,/Dco, values greater than 8 were
obtained for both C; and C4 plants (Edwards and Baker
1993). In C; plants, this may indicate that processes other
than photosynthesis also use electrons: photorespiration,
N assimilation, pseudocyclic electron transport, and
reactions connected with an action of stress on plants
(Cornic and Briantais 1991, Asada 1999). Directions of
changes in Py and ®ps; in field bean plants were similar
and because of this, the values of ®pg,/Pco, did not
considerably depend on temperature and PFD (Fig. 3C).
This suggests that strong alternative photochemical sinks
of energy did not appear in field bean seedlings during
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chilling. Melkonian et al. (2004) obtained similar results
while studying CO, assimilation and ®ps, during chilling
of bean at 6.5°C. In C, plants photorespiration is ne-
gligible, but there is an additional requirement of
electrons, mainly because of the high demand for ATP
(Krall and Edwards 1990). For maize, ®psy/Dco, is
around 9-12 during chilling (15°C) (Massacci et al.
1995). In our study, ®psr/Dco, values were higher at H as
well as at L, and it could be caused by the use of data
related to net photosynthesis and not to gross photo-
synthesis for calculations. When leaves of maize were
stressed by low temperature, carbon photosynthesis
metabolism was strongly reduced, and then the absorbed
photons might also drive alternative reactions. A similar
result of maize study at slightly lowered temperature
(16 °C) was obtained by Massacci et al. (1995). The
excess of energy can generate oxygen radicals. For
instance, electrons may be donated to oxygen and form
superoxide radicals (Wise 1995).
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Fig. 4. The components of NPQror (4 — normalized values, B —
normalized values in % of NPQrqr) in leaves of field bean and
two genotypes of maize before chilling and during growth at
chilling (as in Fig. 2). The subscripts ? and ¢ of q; refer to the
protective and damaging sub-components of q; (see the text).
Means + SE. SE concerns NPQror.

Excess of absorbed PFD was stronger dissipated as
heat at the time of prolonged chilling (Fig. 44). Then a
decrease in qg was accompanied by the appearance of a
second protective component NPQ, q;,. With the
prolongation of chilling, the contribution of qg and q, to
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NPQ decreased while the sub-component of photoinhi-
bitory quenching increased, similarly to other experi-
ments (van Wijk and van Hasselt 1993a, Melkonian ef al.
2004). The amount of protective components of NPQ was
higher in field bean than in hybrids of maize, what can
support a view of an existing ability to co-regulate NPQ
and CO, assimilation in field bean during chilling. The
coordination of both processes disappears under severe
stress conditions (Laisk et al. 1997). Despite of strong
chilling injuries, in the tolerant hybrid of maize the higher
amount and greater contribution of protective NPQ
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