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Abstract — Photosynthetic responsesto daily environmental changeswere studied in bean (PhaseolusvulgarisL.)
genotypes ‘Carioca’, ‘Ouro Negro’, and Guarumbé. Light response curves of CO, assimilation and stomatal
conductance (g, wereal so evaluated under controlled (optimum) environmental condition. Under thiscondition,
CO, assimilation of ‘Carioca’ was not saturated at 2,000 pmol n? s*, whereas Guarumbé and ‘ Ouro Negro’
exhibited different levels of light saturation. All genotypes showed dynamic photoinhibition and reversible
increasein the minimum chlorophy!l fluorescenceyield under natural condition, aswell aslower photosynthetic
capacity when compared with optimum environmental condition. Since differences in g, were not observed
between natural and controlled conditions for Guarumbé and * Ouro Negro’, the lower photosynthetic capacity
of these genotypes under natural condition seems to be caused by high temperature effects on biochemical
reactions, as suggested by increased alternative electron sinks. The highest g, valuesof ‘ Carioca’ were observed
at controlled condition, providing evidences that reduction of photosynthetic capacity at natural condition was
duetolow g, in addition to the high temperature effects on the photosynthetic apparatus. ‘ Carioca’ exhibited the
highest photosynthetic rates under optimum environmental condition, and was more affected by daily changes
of air temperature and leaf-to-air vapor pressure difference.

Index terms. Phaseolus vulgaris, chlorophyll fluorescence, gas exchange, photosynthesis.

Efeitos ambientais na capacidade fotossintética de genotipos de feijoeiro

Resumo — Foram avaliadas as respostas fotossintéticas as variacGes didrias do ambiente nos genétipos de
feljoeiro (PhaseolusvulgarisL.) ‘Carioca , ‘ Ouro Negro’ e Guarumbé. Curvas de resposta daassimilagdo de CO,
econdutanciaestomética (g.) aluz foram realizadas em condi¢do ambiental controlada (6tima). Nessacondicéo
a assimilacdo de CO, de‘Carioca’ ndo foi saturadamesmo a2.000 pmol m? s?, enquanto Guarumbé e * Ouro
Negro’ apresentaram diferentes nivels de saturagéo luminica. Os gendtipos mostraram fotoinibicdo dindmicae
aumento reversivel da fluorescéncia minima da clorofila em condicdo natural, assim como menor capacidade
fotosintética quando comparada a sob condi¢do controlada. Umavez que Guarumbé e * Ouro Negro’ apresenta-
ram valores similares de g, em ambas condi¢des ambientais, amenor capaci dade fotossi ntéti ca desses gendtipos
sob condi¢do natural parece ser causada pelos efeitos da alta temperatura nas reagdes bioquimicas, como
sugerido pelo aumento dos drenos alternativos de elétrons. Os maiores valores de g, em ‘ Carioca’ foram obser-
vados em condic&o controlada, podendo areducéo da capacidade fotossintética em condicgéo natural ser atribu-
idaaos baixosvalores de g, em adi¢éo aos efeitos daatatemperaturano aparato fotossintético. ‘ Carioca’ exibiu
as maiores taxas fotossi ntéticas em condi¢des ambientai s 6timas, sendo mais af etado pelas mudancasdiariasde
temperaturado ar e diferenca de press&o de vapor folha-ar.

Termos paraindexacdo: Phaseolus vulgaris, fluorescéncia de clorofila, fotossintese, trocas gasosas.

Introduction large cultivated area, bean plants are submitted to

different environments with distinct air humidity,

Among crops used in human alimentation, common  temperature, and irradiancelevels (Singh, 1989), which
bean has a great importance as a source of proteinand  affect the plant growth and productivity (Lopes et al.,
energy (Dourado Neto & Fancelli, 2000). Due to the  1986). Photosynthesis is the main process responsible
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for dry matter accumulation and consequently affects
plant devel opment and growth, being strongly regulated
by the environment (McCree, 1986).

Stomatal conductance controls the photosynthesis
(Farquhar & Sharkey, 1982; Jones, 1998), and stomatal
behavior isinfluenced by both externd and internal stimuli
(Nobel, 1999). So, it could be expected negative stomatal
effects on photosynthetic process in some conditions,
when there is low air relative humidity or high air
temperature. High temperature induces direct and
indirect changes on bean photosynthesis, affecting
directly the biochemical reactions (Pastenes & Horton,
19964, 1996b) and causing stomatal closure (Comstock
& Ehleringer, 1993) due to the increased air vapor
pressure deficit. Both effects are always present in
nature, where it is difficult to ascribe which one has
more influence on leaf gas exchange.

The photochemical activity is also affected by
environmental stresses (Van Kooten & Snel, 1990;
Maxwell & Johnson, 2000), such as high temperature
(Yamaneet a., 1997; Costaet a., 2002). Photochemical
reactions are linked to the CO, fixation process by
supplying ATP and NADPH, and are also regulated by
alternative electron sinks, such as photorespiration,
Mehler reaction and nitrogen reduction (Champigny,
1995; Cornic & Fresneau, 2002; Noctor et ., 2002). In
addition to the effect of high temperature (Pastenes &
Horton, 1996b; Yamaneet a., 1997; Pastenes& Horton,
1999), the photochemical apparatus may also be
influenced by high light intensity (Long et al., 1994,
Osmond, 1994; Critchley, 1998), which frequently occurs
around noon when air temperature and vapor pressure
deficit are elevated. Concerning the effects of elevated
air temperature in bean plants, Pastenes & Horton
(1996b) and Costa et al. (2002) observed that the
susceptibility of photosynthetic apparatus depends on
studied genotype. Therefore, bean cultivars show
different physiological responseswhen submitted to the
same changes in air temperature and vapor pressure
deficit. Infact, these responses permit genotypesto avoid
or tolerate high temperature effects, allowing plants to
maintain adequate or reasonable photosynthetic rates
(Pastenes & Horton, 1996a, 1996b, 1999; Costa et al.,
2002).

Daily environmental changes of air temperature, va
por pressure deficit, and irradiance may occur
simultaneously, affecting plant species in different
degrees. Thus, the overall effect is not asum of isolate
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influences of each environmental constraint, but rather
asynergetic effect. Regardless the water deficit effects
on bean physiology (Pimentel et a., 1999a, 1999b;
Souzaet a., 2003), studiesinvolving theimpacts of na-
tural environmental fluctuation on the physiology of
different bean genotypes have not been reported. Greater
knowledge on how plants respond to natural
environmental changes and how they are affected may
improve crop management and show some guidelines
for bean breeding programs in regions with specific
environmental characteristics.

The objective of thiswork wasto eval uate the effects
of daily environmental changes on photosynthetic
capacity of bean (Phaseolus vulgarisL.) genotypes
‘Carioca’, ‘Ouro Negro' and the landrace Guarumbé.

Material and M ethods

Five bean seeds (Phaseolus vulgarisL.) of
genotypes‘ Carioca , ‘ Ouro Negro', and Guarumbéwere
sown in 10 L pots, containing the substrate Plantmax.
After seed germination, two plants were kept per pot.
Seedlings were grown under greenhouse condition,
where there was maximal irradiance intensity at about
1,800 umol m2s1, air temperature from 44°C to 18°C,
and RH between 30 and 100%. A nutrient solution
(McCree, 1986) was applied at sowing and 15 days after
seedling emergence (DAE) to ensure that no nutritional
deficiency would occur. Plants were watered daily
(except during fertirrigation).

Measurements of leaf gas exchange were taken in
completely expanded and exposed leaves at 25 DAE,
using the LICOR LI1-6400 infrared gas analyzer. The
CO, and water vapor fluxes were measured and the
CO, assimilation (A) and transpiration (E) rates, ssomatal
conductance (gs), and intercellular CO, concentration
(Ci) were calculated by the L1-6400 data analysis
program according to Von Caemmerer & Farquhar
(1981).

Chlorophyll a fluorescence was measured with the
Hansatech FM S1 modulated fluorometer, wherein the
maximal (Fn) and minimum (F,) fluorescence yields
were obtained in dark-adapted (30 min) leaves, and
steady-state (Fs) and maximal (Fy,') fluorescenceyields
were measured in light-adapted |eaves (Van Kooten &
Snel, 1990). Thus, variable fluorescence yield was
determined in dark-adapted (F, = F,- Fo) and in light-
adapted (AF = Fy’ - F) states. Fy' is the minimum
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fluorescenceyield after photosystem | excitation by far-
red light. Thefollowing parameterswere cal cul ated: the
potential (F,/Fn) and effective (AF/Fy’) quantum
efficiency of photosystem Il (PSII), and the apparent
electron transport rate [ETR = (PPFDxAF/
Fm' x0.5%x0.84)] (Schreiber et al., 1994). For the
calculation of ETR, the fraction of excitation energy
distributed to PSII1 used was 0.5, and the fractional
photosynthetic photon flux density (PPFD) absorption
used was 0.84 (Demmig & Bjorkman, 1987). The
alternative electron sinks (AES) were estimated as the
relation between AF/F,," and the quantum efficiency of
CO, assimilation [®CO, = A/(PPFD x0.84)] (adapted
from Edwards & Baker, 1993).

Seven days after transferring plantsfrom greenhouse
to full sunlight condition (open areain Piracicaba, SP,
Brazil, 22°42'S, 47°30'W, 576 m of atitude) characteristic
of summer season, the measurements of leaf gas
exchange and chlorophyll afluorescence weretaken in
the same leaf, in intervals of approximately 1.5 hours
between 6 am and 6 pm. The leaf water potential (Ww)
was measured by the psychometric method, operating
in hygrometric dew point mode, with the Wescor HR-33T
microvoltmeter and Wescor C-52 sample chambers at
pre-dawn and at 1:30 pm. Environmental variables
were monitored by the L1-6400, with PPFD, air
temperature (T4;) and leaf-to-air vapor pressure
difference (VPDies.4r) recorded at same time of the
physiological measurements.

Photosynthetic capacity (PC) under optimum
environmental condition was determined through light
response curves of A and gs at controlled condition, with
leaf temperature of 25°C and air vapor pressure deficit
(VPD) around 1.0 kPa. L eaf temperature was controlled
by the L1-6400 and VPD by the LICOR LI-610 dew
point generator attached to the L1-6400. Both values
of leaf temperature and VPD are considered to be
optimum to the photosynthetic activity and to prevent
stomatal closurerespectively (Jones, 1971; Comstock
& Ehleringer, 1993). Light response curves of A and
gs were obtained varying PPFD from 2,000 to
0 pumol m2s1,

The experiment was arranged in a completely
randomized block design, with three and six replications,
at controlled and natural conditions, respectively, sampled
in different plants. Data were subjected to analysis of
variance (ANOVA) and the mean valueswere compared
by Tukey’stest at the 0.05 probability level.

Results and Discussion

The highest values of Ty, VPDes-5r @nd PPFD were
observed inthe afternoon (1:17 pm), with values of T,
higher than 38°C, V PD e Of 3.7 kPaand PPFD around
2,000 umol m2s(Figure 1).

Daily course of CO, assimilation (A) wassimilar for
all evaluated genotypes (Figure 2). In early morning, the
sharp increase in photosynthetic photon flux density
(PPFD) seems to be the main cause of A increases.
Considering the highest A values, no statistical difference
was found between bean genotypes under natural
condition. Maximal A rateswerereached around 8:45 am
and maintained until 11:45 am when reductionsin stomatal
conductance (gs) were caused by increasing leaf-to-air
vapor pressure difference (VPD)es.4r) (Figure 2). Low
gsisknown to cause decrease in A by reducing the CO,
available, which may be indicated by decreased
intercellular CO, concentration (Ci) va ues (Jones, 1998;
Nobel, 1999). Nevertheless, relatively stable Ci values
from 8:35 amto 3:09 pm suggested that stomatal closure
was not the main cause of reductionsin A in that time
(Figure 2). Hence, it could be inferred that the high air
temperature (higher than 36°C) caused increase in
photorespiration and consequent reduction in the
photosynthetic activity, as indicated by increased
aternative electron sinks (AES) (Figure 3).
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Figure 1. Daily coursesof air temperature (T,: O), leaf-to-air
vapor pressure difference (VPD) .- ®) and photosynthetic
photon flux density (PPFD: O) at full sunlight condition in
summer season of Piracicaba, SP, Brazil. Each point represents
the meanz standard error of 18 replications.
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Stomata showed a slight opening tendency until
11:45 am, when decreases in gs were likely dueto high
transpiration (E) values (Figure 2). Increasesin E were
caused by an elevation of VPDes.5r, Which induced

reductionsin V¥, (Table 1). Sincesimilar gsvalueswere
observed during morning, changes in E values suggest
that stomatal aperture was more than sufficient to
support maximal E values since early hours of morning.

The photochemical apparatus of bean genotypeswas
aso affected by environmental conditions (Figure 4).
High PPFD levelscaused photoinhibitioninal genotypes.
Photoinhibitionisrecognized by decreasesin the quantum
efficiency of PSII and indicated by F,/F, values below
to 0.725 (Critchley, 1998), being caused by excessive
light energy (Long et al., 1994).

The lowest F,/F, values were observed at 11:45 am
in all genotypes, but different photoinhibition recovery
capacities were observed among ‘ Carioca’, Guarumbé
and ‘Ouro Negro' (Figure 4). Guarumbé was most
affected by excessive light energy, being the last

genotype to initiate the photoinhibition recovery
(at 4:30 pm), whereas ‘Ouro Negro’ and ‘Carioca
exhibited F,/Fn, recovery from 11:45 am and 1:17 pm,
respectively.

The photoinhibition mechanism could have acharacter
of photoprotection or represent damaging in PSI| reaction
centers (Osmond, 1994). The former isassociated to an
avoidance of over-excitation of the PSI| reaction center
by decreased energy absorption or by increased thermal
dissipation of excitation energy via xanthophyll cycle,
and thelater isrelated to acycle of PSII reaction center
inactivation and repair (Demmig-Adams 111 & Adams
[11, 1992; Long et a., 1994; Osmond, 1994; Critchley,
1998). In this study, all genotypes exhibited dynamic
photoinhibition, i.e., a photoprotective mechanism
(Osmond, 1994).

Increasesin PPFD also caused reductionsin AF/F,,,
when the lowest values were observed after midday in
all genotypes (Figure 4). As expected, an inverse pattern
was observed between apparent electron transport rate
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Figure 2. Daily courses of CO, assimilation, stomatal conductance, intercellular CO, concentration, and transpiration in
bean genotypes' Carioca’ (O), Guarumbé (®), and ‘ Ouro Negro’ () exposed to daily changes of environmental variablesin
Piracicaba, SP, Brazil. Each point representsthe meantstandarderror of six replications.
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(ETR) and effective quantum efficiency of PSI (AF/F,),
with the highest ETR values coinciding with the highest
A values (Figures 2 and 4). According to Maxwell &
Johnson (2000), AF/F,, isrelated to the proportion of
light absorbed by chlorophyll molecules and used in
photochemistry, and its decreaseisassociated to reaction
center closure and thermal energy dissipation processes.
Besides the effects of high irradiance on
photosynthesis, plants were also subjected to high air
temperature, and this factor is known to cause
impairments on photosynthetic apparatus (Berry &
Bjorkman, 1980). Decreasein F,/Fn, with simultaneous
increasein F, isan indicator of damagein PSII caused
by high temperatures (Pastenes & Horton, 1996a, 1999;
Yamane et a., 1997). This pattern was observed in all
genotypes, which exhibited the highest F, values at
11:45 am (Figure 5), when air temperature was close to
36°C (Figure 1). The R, isrelated tothesize of chlorophyll
antennaand therate of thermal deactivation of inhibited
PSII centers (Krause & Weis, 1991). According to
Yamane et al. (1997), increasein the F, level is caused
partly by reversible inactivation of the PSII reaction
center at high temperatures. Moreover, Oquist et al.
(1992) have associated increases in F, with protective
or regulatory processes that take place at PSI|I.
Although photochemical reactions had been affected
by daily environmental changes (Figures4 and 5), CO,
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Figure 3. Daily course of aternative electron sink (AES) in
bean genotypes'‘ Carioca (O), Guarumbé (@) and ‘ Ouro Ne-
gro’ (0O) exposed to daily changes of environmental variables
in Piracicaba, SP, Brazil. Each point represents the
meantstandarderror of six replications.

assimilation was not affected by reductions in
photochemical activity and genotypes showed similar
maximum rates between 8:35 am and 11:45 am (Figu-
re 2). Under controlled condition, bean genotypes
exhibited digtinct photosynthetic capacities, i.e., maximum
photosynthetic rates (Figure 6), which were not observed
under natural condition (Figure 2). Photosynthetic
capacity (PC) was higher in ‘Carioca (35 umol m2s1)
than in the other genotypes, exhibiting non-saturation
even at 2,000 umol m? st (Figure 6). ‘Ouro Negro'
showed PC around 25 pwmol m2 s and light saturation
at 2,000 umol m2s1, whereas Guarumbéwas not fully
saturated and presented PC around 30 umol m2s1. The
maximum CO, assimilation values observed are in
agreement with the measurements performed by Von
Caemmerer & Farquhar (1981), Comstock & Ehleringer
(1993) and Souza et al. (2003) in common bean
genotypes. Different photosynthetic capacities between
bean cultivars may be caused by differences in
carboxylation capacity and protein content (Evans, 1989),
as well as by different number of mesophyll cells per
unit surface leaf area (Nobel, 1999).

Considering maximal A rates in both experimental
conditions, ‘Carioca genotype was more affected by
daily changes of environmenta variables, showing a
reduction of 43%. Guarumbéand ‘ Ouro Negro’ exhibited
decreases around 33% and 20%, respectively (Figure 6).
Stomatal closure could be a cause of PC reduction in
‘Carioca’ since lower gs values were observed under
natural condition. Thehigh gssimilarity in* Ouro Negro’
and Guarumbé, when considered both experimental
conditions, indicated non-stomatal restriction of PC under
natural condition.

Besides gs effects (Farquhar & Sharkey, 1982; Jones,
1998; Nobel, 1999), high temperatures also cause
impairmentsin photochemical and biochemical reactions

Table 1. Leaf water potential (MPa) of bean genotypes* Cari-
oca , Guarumbé, and  Ouro Negro’ measured at pre-dawn and
at 1:30 pm in plants exposed to full sunlight condition, in
Piracicaba, SP, Brazil(®.

Day time Bean genotype

‘Carioca Guarumbé ‘Ouro Negro’
Predawn  -0.24+0.10aA  -0.24+0.03aA -0.2310.04aA
1:30 pm -1.37+0.14aB -1.37+0.28aB -1.40+0.04aB

(WData represent the meantstandart error of 4 replications; different
small letters in line and capital letters in column show significant
difference by Tukey’s test at the 0.05 probability.
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of photosynthesis (Berry & Bjorkman, 1980; Pastenes
& Horton, 1996a, 1996b, 1999; Costa et al., 2002).
Therefore, the results suggest that the PC of ‘ Carioca
was constrained at natural condition by low gsand high
temperature, whereas‘ Ouro Negro' and Guarumbé had
their PC impaired only by high temperature.

All genotypes showed areversible increase in AES,
whichwas probably caused by increased |eaf temperature
during daylight period. Among alternative electron sinks,
photorespiration is the most important (Cornic &
Fresneau, 2002), acting asasink for reducing equivalents
(e.g. NADPH) and ATR, aswell as playing animportant
role on protection of photosynthetic apparatusfrom the
deleterious effects of excessive light energy (Osmond
& Bjorkman, 1972). Thus, plant photosynthesis can be
decreased by increases in photorespiration under high
temperature (Monson et a., 1982; Kobza & Edwards,
1987). Higher photorespiratory rates could be explained
by increase in the O,/CO, solubility ratio and in
oxygenase activity of Rubisco induced by high
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Figure 6. Light response curves of CO, assimilation and stomatal conductance of bean genotypes ‘ Cariocd ,
Guarumbé, and * Ouro Negro’ exposed to daily changes of environmental variablesin Piracicaba, SP, Brazil (O)
and exposed to optimum environmental condition (®). Each point representsthe meantstandard error value of

six (O) and three (®) replications.

temperatures (Ku & Edwards, 1977; Bernacchi et al.,
2001). Therefore, it would be expected negative effects
on photosynthesis since Tier Was higher than 36°C in
the afternoon and the optimum temperature for bean
growth and photosynthesisisaround 25°C (Jones, 1971;
Singh, 1989).

Resultsindicated that the photosynthetic capacity of
‘Carioca’ was reduced by low gs values and increased
AESunder natural condition, whereas' Ouro Negro' and
Guarumbé were affected only by increased AES (Figu-
res 3 and 6). Higher susceptibility of the genotype ‘ Ca-
rioca to high VPDes.5r and temperature (low gs and
high AES, respectively) is in agreement with previous
reportsthat indicated * Carioca asanimproper genotype
for regions with high T4, and VPD (Masaya & White,
1991; Costa et al., 2002). However, this genotype may
be very useful in breeding programs for increase
photosynthetic capacity, since the highest CO,
assimilation values were observed in ‘Carioca under
optimum environmental condition.

Conclusion

1. When compared with * Ouro Negro’ and Guarumbé,
‘Carioca’ exhibits the highest photosynthetic capacity
under optimum environmental condition.

2. ‘Carioca photosynthetic rate is more affected by
daily changes of air temperature and leaf-to-air vapor
pressure difference.
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