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Introduction

In tomato plants, stomata begin to close within 24 hours of soil flooding
and remain closed for at least 72 h. The nature of thc signal(s) gencrated by flo-
oded roots that promotes stomatal closure in the shoots is not known. Our pre-
vious work has shown that this closure is neither prompted nor maintained by
increased ABA export from flooded roots [ELSE et al. 1996]. Furthermore, a tran-
sient drop in shoot hydration, triggered by a flooding-induced suppression of the
normal daily rise and fall in root hydraulic conductance, was not sufficiently
intense to initiate stomatal closure [ELSE ct al. 1995]. These findings suggest that
signalling in the transpiration stream may not be involved; an alternative hypo-
thesis is that stomata close in response to increased carbon dioxide (CO,) con-
centrations in the sub-stomatal cavities, caused by a flooding-induced reduction
in the efficiency of PS II. In this way, CO, could act as an ‘accumulation
message’, linking oxygen-deficient roots with the induction of stomatal closure.
We measured chlorophyll fluorescence parameters to assess whether soil flooding
impaired the efficiency of the photosynthetic apparatus. Also, we attempted to
determine whether any changes in photochemistry were a cause, rather than a
consequence, of stomatal closure.

Material and methods
Plant material and growth conditions

Secds of tomato (Lycopersicon esculentim MILL. cv. Ailsa Craig) were sown
into a soil mix of peat, sand and clay (2 to 1 to 1, v/v/v). After two weeks, seed-
lings were replanted into pots (13 x 13 x 11 cm) filled with similar soil. Plants
were maintained in growth chambers with a day/night temperature of 25/20°C
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and a 16 h photoperiod (07%-23%) provided by Osram Vialox lamps, the light
intensity at plant height was 200 umol'm-2s-l. Relative humidity was uncon-
trolled. Plants were used for experiments at the 10-11 leaf stage.

Measurements of stomatal conductance and chlorophyll fluerescence

Plant root systems were flooded at 09% by placing the pots of soil into
larger pots filled with tap water. Well-drained plants were watered regularly
throughout each photoperiod. There were 10 replicates per treatment.

The stomatal conductance of the 8% leaf was measurcd using a hand-held,
AP4 porometer (Delta-T Devices, Cambridge, UK) on the day before flooding
and after 2, 4, 8, 13, 26, 32, 37, 49 and 57 h of flooding. Chlorophyll fluorescence
parameters were determined on three leaflets of the 8" lcaf on the day before
flooding and after 8, 32 and 57 h of flooding. Chlorophyll fluorcscence was mea-
sured with a PAM 2000 fluorometer (Heinz Walz, Effeltrich, Germany). In light-
adapted plants, effective quantum yield of photosystem I, @, (®ps; = (F,, -
F/F,) [GENTY et al. 1989] and photochemical fluorescence quenching gP (qP =
(Fm’ - Ft)/(Fm' - Fo); [WaLz 1998] were determined. In dark-adapted plants,
maximum quantum yield of PS II F/F, and non-photochemical fluorescence
quenching gN (gN = (Fm - Fm")/(Fm - Fo"), [WaLz 1998] were mcasured.

Statistical evaluation

A fully randomised experimental design was used. The data are mean
values of at least eight (stomatal conductance) or twenty four (fluorcscence mea-
surements) replicates. Least statistical differences (LSD) were calculated (p =
0.05) and are presented in the figures. Corrclation coefficients presented in the
figures are statistically significant at p = 0.05 (**).

Results and discussion

At the beginning of the photoperiod prior to flooding, stomatal conduc-
tances in both well-drained and soon to be flooded plants were similar. Condu-
ctances were also similar in the 16-h photoperiod following the start of soil flo-
oding; stomatal conductances increased rapidly at the beginning of the photo-
period and reached a maximum in the carly afternoon, before declining gradually
throughout the evening (Fig. 1). However, stomatal conductances were reduced
after 24 h of flooding, and stomata becamc more closed throughout the next two
photoperiods.

P, v @ measure of the cfficiency of PS I photochemistry, decrcascd
significantly after 32 h of flooding, as did photochcmical quenching (Fig. 2A and
2C). This loss of photosynthetic cfficiency was measured after stomata began to
closc. However, whether flooding-induced stomatal closurc was triggered by a
reduced efficiency of the photosynthetic apparatus is not clear from these data.
Converscly, the lowered internal CO, concentration imposed by stomatal closure
may have limited the efficiency of PS II during flooding stress. More detailed
time-courses of changes in stomatal conductance and @, following soil floo-
ding arc needed to resolve these possibilities.



A LOSS OF PHOTOSYNTHETIC EFFICIENCY DOES ...

231

Stomatal conductance (mmol-m=>s-')
Przewodnictwo szparkowe (mmol-m-2s-!)

Fig. 1.

Rys. 1.

600
.l

500} V¥

400

oe

300

200

i

start of flooding
poczatek zalewania

100

LSD g5 i NRIy oo

\/

/\

\/
/.
\

0 10 20 30

40
time; czas (h)

50

60

70 80

-O- well-drained; kontrola
—8— flooded; zalewane

Stomatal conductance in flooded and well-drained tomato plants. The arrows
show the times at which measurements of chlorophyll fluorescence were made.

Przewodnictwo szparkowe u zalewanych i kontrolowanych ro$lin pomidora.
Strzatki pokazuja czasy pomiardw fluorescencji chlorofilu.
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Effective (A) and maximal (B) quantum yield of PS II, (C) photochemical and
(D) non-photochcmical fluorescence quenching in flooded and well-drained
tomato plants. The arrows show the start of flooding.

Efektywna (A) i maksymalna (B) wydajno$¢ kwantowa PS II, fotochemiczne
(C) i niefotochemiczne (D) wygaszanie fluorescencji u kontrolnych i zalewa-
nych ro§lin pomidora. Strzalki pokazuja poczatek zalewania
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In the longer term, the overall photosynthetic cfficiency of dark-adapted
plants, F/F,, decreased after 57 h of flooding. Since F/F, was measured in dark-
adapted plants and was, therefore, independent of stomatal eftects, this fall in
FJF, suggests that the integrity of the thylakoid membranes was rcduced by pro-
longed flooding stress. QN, a measure of the proportion of energy dissipated as
heat and, therefore, unused by the photosynthetic machinery, incrcased signifi-
cantly after 32 h of flooding. This rise in qN occurred duc to a reduction in both
the photochemical efficiency of PSII and that of biochemical dark reactions.

There was no relationship betwecn @, and stomatal conductance in well-
drained plants (Fig. 3A), indicating that the diurnal changes in stomatal condu-
ctance did not influence ®,¢ ;. However, in flooded plants, the correlation coeffi-
cient between stomatal conductance and @, was high (0.70**), supporting the
notion that the lowered CO, concentrations following stomatal closure limited
@y (Fig. 3B). Although the correlation between stomatal conductance and
F/F,, was significant (Fig. 3C), the correlation coefficient was low (0.54**) since
FJF, is influenced mostly by the status of thylakoid membranes rather than by
stomatal movements. QN correlated highly and negatively (-0.80**) with stoma-
tal conductance (Fig. 3D) indicating that the amount of captured energy dissi-
pated as heat and, therefore, not utilised in photosynthesis, was greatly influ-
enced by patterns of stomatal closure.
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Fig. 3. Relationships between stomatal conductance and (A) effective quantum yield

of PS II in well-draincd plants, (B) effective quantum yield of PS II in floodcd
plants, (C) maximal quantum yield of PS II and (D) non-photochcmical quen-
ching in flooded tomato plants
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wa PS II u roslin kontrolnych (A) i u roélin zalewanych (B), maksymalng
wydajnoscia kwantowa PS II (C) i nicfotochemicznym wygaszaniem fluorescen-
cji u roflin zalewanych (D) pomidora. Wspétczynniki korelacji przedstawione
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In summary, stomata began to close after 24 h of flooding and reductions
in the efficiency of PS II in flooded plants were detected after 32 h of flooding.
Rather than triggering stomatal closure, the efficiency of PS II itself may be
limited by reduced internal CO, concentrations imposed by stomatal closure.
Further work is nceded to separate causc from effect. The ways in which long-
term flooding damage the thylakoid membranes are not known, but could
involve altered root to shoot signalling in flooded plants. A consequence of this
damage may be an accumulation of CO, in the sub-stomatal cavities that, in
turn, helps to maintain stomatal closure in flooded plants.
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Summary

Stomata begin to close within 24 h of imposing soil flooding. We investi-
gated whether the stomatal response was triggered by reduced photosynthetic
cfliciency in young, fully expanded leaves of flooded plants. Chlorophyll fluore-
scence measurements indicated that @, the cffective quantum yield of PS II,
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decreased after stomata began to close in flooded plants. Changes in qP
mirrored those of @, . Ppg Was not aftected by daytime patterns of stomatal
conductance in well-drained plants but was reduced by stomatal closure in flo-
oded plants. F/F_a measure of the overall photosynthetic cfficiency of dark-
adapted plants, decreased after 57 h of flooding. Therefore, prolonged soil flo-
oding adversely affected the thylakoid membranes. QN, a measure of the amount
of captured energy dissipated as heat and therefore, unused by the photosyn-
thetic machinery, began to increase after 32 h of flooding and continued to rise
thereafter. The interdependence of thc changes in chlorophyll fluorescence
parameters and the flooding-induced closure of stomata is discussed.

SPADEK FOTOSYNTETYCZNEJ WYDAJN oscr
NIE WYJASNIA ZAMYKANIA SZPAREK U ROSLIN POMIDORA
W WARUNKACH STRESU ZALEWANIA
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Streszezenie

W warunkach nadmiaru wody w glebie szparki u roélin pomidora zamykaja
sic w czasie 24 h. W prezentowanych eksperymentach badano czy ta reakcja
szparek byla inicjowana przez spadek fotosyntctyczncj wydajnosci mlodych, roz-
winigtych liSci pomidora. Pomiary fluorescencji chlorofilu wykazaty, zc @, efe-
ktywna wydajno$¢ transportu elektronéw PSII, spadata dopiero po rozpoczgciu
zamykania szparek u zalewanych roélin. Zmiany qP, fotochemicmcgo wygaszania
fluorescencji, odzwierciedlaty przebieg Py . Na @y nic wplywal okotodobowy
rytm szparek u roélin kontrolnych. Natomiast, u roslin zalewanych, O, spadato
wskutek zamykania szparck. Fv/Fm, miara catkowitej wydajnoSci fotosyntetycznej
roélin zaadaptowanych do ciemnodci, spadal po 57 h zalewania roS§lin. Wskazuje
to na nickorzystny wplyw wydtuzonego stresu zalewania na membrany tylakoido-
we. Nicfotochemiczne wygaszanie fluorescencji (NQ), ktéra jest miarg rozprasza-
nia niewykorzystanej energii w postaci ciepla, wzrastata po 32 h od rozpoczecia
stresu zalewania. W pracy dyskutowana jest niezalezno§¢ zmian parametréw fluo-
rescencji chlorofilu @ i indukowanego stresem zalewania zamykania si¢ szparek.
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