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Summary &mdash; Gossypium hirsutum, when grown under both medium (1 000-1 100 &mu;mol m-2 s-1) and high photon
flux densities (PFD, 1 800 - 2 000 &mu;mol m-2 s-1) showed reduced total dry weights and total leaf areas with decreas-
ing temperatures during the dark period (25, 15 or 10 °C), while photosynthetic capacity (PSmax) and quantum yield of
photosynthetic O2 evolution (0), as well as the light-use efficiency of photosystem II (FV/FM) were not affected. Main-
taining a day/night soil temperature of 25 °C for one set of plants (high PFD, 34°/10 °C) resulted in a 44% increase in
total dry weight, an increase in turgor pressure, but no significant change in PSmax. During another set of experiments
cotton plants were cultivated at either medium PFD and 20/25 °C (day / night) air temperatures or at high PFD and ei-
ther 24/25 °C or 34/25 °C air temperatures. The soil temperatures were maintained independent of the air tempera-
tures at either 20° or 30 °C. Cultivating the plants at a soil temperature of 30° rather than 20 °C resulted in large per-
centage increases in total dry weight (28-55%), but did not have any impact on FV/FM and the pigment content of the
leaves. The importance of night and rhizosphere temperatures for plant growth and development are discussed.

Gossypium hirsutum = cotton I growth reduction I night temperature I photosynthesis I soil temperature

Résumé &mdash; Croissance et photosynthèse de Gossypium hirsutum L à hautes intensités lumineuses : effets de
la température du sol et de la température nocturne de l’air. Gossypium hirsutum, cultivé sous des intensités lumi-
neuses moyennes (1 000-1 100 &mu;mol m-2 s-1) et hautes (PFD : 1 800- 2 000 &mu;mol m-2 s-1) a montré une diminution
du poids sec total et des aires foliaires totales avec la baisse de températures pendant la période obscure (25 °C,
15 °C, ou 10 °C), alors que l’intensité photosynthétique (PSmax) et le rendement quantique de l’évolution de l’O2 pho-
tosynthétique (Ø), ainsi que l’efficacité dans l’utilisation de la lumière du photosystème II (FV/FM) n’ont pas été tou-
chés. Le maintien de la température jour/nuit du sol à 25 °C pour un ensemble de plantes (hautes PFD, 34/10 °C) a
donné comme résultat une augmentation de 44% du poids sec total et une augmentation de la pression de turges-
cence, mais il n’y a pas eu de changements significatifs de la PSmax. Pendant un autre ensemble d’expériences, des
plantes de coton ont été cultivées à des PFD moyennes et des températures d’air de 20/25 °C (jour/nuit) ou à des
hautes PFD et à des températures d’air de 24/25 °C ou 34/25 °C. Les températures du sol ont été maintenues indé-
pendantes de celles de l’air à 20 °C ou 30 °C. La culture de plantes à des températures du sol de 30 °C plutôt qu’à
20 °C a donné comme résultat des augmentations importantes dans le poids sec total (28-55%), mais n’a eu aucun
effet sur FV/FM et la teneur en pigment des feuilles. L’importance des températures nocturnes et de celles de la rhi-
zosphère pour la croissance et le développement sont discutées.

Gossypium hirsutum = coton / réduction de la croissance / température nocturne / photosynthèse / tempéra-
ture du sol
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INTRODUCTION

It has become evident that temperatures which
are suboptimal for photosynthesis but far above
the chilling range (0°-12 °C) can cause severe
reductions in photosynthetic competence, espe-
cially in combination with high light intensities

(Ögren et al, 1984; Greer et al, 1988; Gong and
Nilsen, 1989; Rosenqvist et al, 1991; Brügge-
mann et al, 1992; Königer and Winter, 1992).
Reducing the air temperature from 34 °C to

25 °C or 21 °C at 1800-2000 &mu;mol photons
m-2 s-1 resulted in marked reductions in photo-
synthetic capacity and growth in cotton plants
(Königer and Winter, 1991; Winter and Königer,
1991 ).

Little is known about the effects of different

temperatures during the dark period on photo-
synthesis and growth of plants, since in most ex-
periments temperatures were changed simulta-
neously during the light and dark period (eg
Downton and Slatyer, 1972; Huang et al, 1989;
Schleppi et al, 1990; Zollinger and Kells, 1991).
Those experiments in which the temperature du-
ring the dark period was changed independently
of the light period suggested that the night tem-
peratures might have a significant impact on
plant growth. Patterson and Mortensen (1985)
even concluded from their investigations on com-
mon crupina (Crupina vulgaris), that dry-matter
accumulation is in general more sensitive to

night temperature than to day temperature. Also
the deleterious effects of low night temperatures
are well known for a variety of C4 species. For
example, photosynthetic rates and growth were
reduced markedly in Digitaria decumbens when
it was exposed to a night temperature of 10 °C
(West, 1973). Rotteboellia exaltata, another C4
species, also exhibited significant reductions in

dry weight with night temperatures < 23 °C (Pat-
terson et al, 1979).

Under field conditions low air temperatures in-
evitably lead to low soil temperatures, which it-

self may adversely affect plants by changing the
water and nutrient uptake properties of the roots
and the net translocation of carbon assimilates

(Shirazi et al, 1975; Kramer, 1983; Mc Allister
and Haderlie, 1985; Bassiri Rad et al, 1991).
To further extend our knowledge about tem-

perature effects on cotton plants exposed to high
light intensities (Königer and Winter, 1991; Win-
ter and Königer, 1991; Königer and Winter,
1993) we initiated this study to investigate the ef-
fects of different air and soil temperatures on

photosynthesis and the growth patterns of cotton
following 2-wk treatment periods.

MATERIAL AND METHODS

Cultivation of plants

Cotton seedlings (Gossypium hirsutum L var Delta

pine 61, primary leaf 20 cm2, first foliar leaf 6 cm2)
were grown for 2 wks in 18-I pots placed in controlled
environment chambers as described in Winter and Kö-

niger (1991). The light intensities applied during 12 h 
photoperiods were 1 000-1 100 &mu;mol m-2 s-1 (me-
dium PFD) or 1 800-2 000 &mu;mol m-2 s-1 (high PFD,
equivalent to full sunlight). In those experiments where
the soil temperature was kept constant, the plants
were cultivated in 25-I pots with waterjackets connec-
ted to a circulating waterbath.

The plants were flushed with 2 I of nutrient solution
(Wong, 1979) at 2-d intervals resulting in high leaf ni-
trogen contents (4-5% of dry weight).

Air temperatures (measured in close proximity to
the third foliar leaf), leaf temperatures (measured at
the third foliar leaf), and soil temperatures (measured
14 cm below the soil surface) were determined with
copper-constantan thermocouples connected to TH-65
thermometers (Wescor Inc, Logan, UT).

Biomass

At the end of the 2-wk growth periods, the plants were
harvested and the leaf areas determined using an
area meter (LI-3100; Li-Cor, Lincoln, NE). The dry
weights of leaves, stems and roots were measured
after drying for 48 h at 100 °C.

Water relations

Water potential (&psi;) and osmotic pressure (&pi;) were de-
termined on leaf discs at 30 °C according to the dew-
point method with thermocouple psychrometers
(Model-52; Wescor, Logan, UT). The osmotic pressure
was determined on the same discs used for water po-
tential measurements following freezing and thawing.
Turgor pressure was estimated from &psi; + &pi;.

Pigment contents

Chlorophyll and carotenoid contents of leaf discs were
determined in 80% acetone according to Röbbelen
(1957) including the suggested changes of Metzner et
al (1965).



O2 exchange

Photosynthetic capacities at light saturation and quan-
tum yields from leaf discs (10 cm2) were determined
with a Hansatech LD-2 leaf disc O2 electrode unit and
a Hansatech LS-2 light source (King’s Lynn, Norfolk,
UK). Samples were taken at the end of the dark period
of d 14 and measured at 25 °C and 5% CO2, 20% O2,
75% N2. Photosynthetic capacity was measured at

1 600 &mu;mol m-2 s-1. The quantum yields were based
on absorbed red light (630-700 nm). The light source
was calibrated with a quantum sensor (Li-190 SB, LI-
Cor, Lincoln, NE, USA).

Leaf optical properties

Reflectances, transmittances, and absorbances (630-
700 nm) were determined with an integrating sphere
(LI-1800-12; Li-Cor, Lincoln, NE) connected to a spec-
troradiometer (LI-1800; Li- Cor, Lincoln, NE).

Room temperature fluorescence

Chla fluorescence of leaf discs, taken at the end of the
dark period, was measured at room temperature using
a pulse amplitude modulation fluorometer (PAM 101;
Walz, Effeltrich, Germany; Schreiber et al, 1986) follo-
wing the procedure described in Königer and Winter
(1991).

RESULTS

Effects of different air temperatures
during the dark period

Cotton seedlings were cultivated for 14 d at a se-
ries of different temperatures during the dark per-
iod (25°, 15°, 10 °C) and either medium or high
PFD and 33°-34 °C during the light period. The
total dry weights (shoots + roots) decreased with
decreasing temperatures during the dark periods
(fig 1). At night temperatures of 25° and 15 °C
the high-light grown plants had somewhat higher
dry weights than the low-light grown plants. At
10 °C night temperature, the reverse was true.
The reductions in total dry weight at 15° or 10 °C
relative to 25 ° C were mainly due to decreases
in shoot dry weight (table I). For example, when
plants were grown under medium PFD and 33/
25 °C (light/dark period) a dry weight ratio of
shoot to root of 11.6 was obtained. Reducing the
temperature during the dark period to 10 °C

throughout the 14-d treatment resulted in a

shoot/root ratio of 7.0. A similar trend was seen
in the high-light grown plants. The total leaf area
also decreased with decreasing temperatures
during the dark period for both medium and high
light grown plants (table I). For example, plants
grown at high PFD and 34/10 °C had a 79%
smaller total leaf area than those exposed to the
same light intensity but 34/25 °C. The specific
leaf weight, as well as the leaf/stem ratios, in-

creased with decreasing temperatures during
the dark period for both experimental light treat-
ments.

The soil temperatures changed markedly du-
ring the various 24-h cycles, reaching the lowest
values at the end of the respective dark periods
(data not shown; see Winter and Königer, 1991).
For example, cotton plants cultivated at high
PFD and 34/10 °C experienced soil tempera-
tures ranging between 14-30 °C during the
course of 24 h. To investigate the effect of this
factor on growth and photosynthesis, the soil

temperature was kept at a constant temperature
at 25 °C for one set of plants (high PFD, 34/
10 °C) throughout the entire 14-d growth period.
Keeping the soil temperature at a constant 25 °C
resulted in total dry weight increase of 44%

(table I). Total leaf area, specific leaf weight, and
shoot/root dry weight ratio also increased, but
the differences between the treatments were not
marked.

PS max expressed on an area basis was slight-
ly higher for plants grown under high PFD than
for those grown at medium PFD, but did not de-
crease with decreasing temperatures during the



dark period (table II). Expressed on a &chi;2 basis,

PSmax was lower for plants cultivated at medium
PFD and night temperatures of 10° or 15 °C than
for those cultivated at 25 °C night temperature.
Differences in PSmax were less pronounced for
plants grown under high light conditions. For all
treatments similar values for the quantum yield
of photosynthetic O2 evolution (0.092-0.107)

and for FV/FM (0.789-0.811) were determined.
PSmax (expressed on an area basis), Ø and FV/
FM were little or not affected by keeping the soil
temperature constant.

Water potentials and turgor pressures, mea-
sured at the end of the dark period of d 14, de-
creased with decreasing temperatures during the
dark period (table III). For example, a water po-



tential of -0.41 MPa was determined for plants
grown at 33/25 °C and medium PFD, while plants
cultivated at 33/10 °C showed a water potential
of -0.84 MPa after 14 d under these conditions.

Keeping the soil temperature at a constant 25 °C
resulted in an increase in leaf turgor pressure,
measured at the end of the dark period, from
0.50 to 0.93 MPa. This was mainly the conse-
quence of an increase in the osmotic pressure.

Chlorophyll content on a leaf area basis was
higher at temperatures of 10° and 15 °C during
the dark period than at 25 °C (table IV). The Chl/
Car ratio decreased slightly with increasing tem-
peratures during the dark period. Keeping the soil
temperature at a constant 25 °C resulted in in-

creased chlorophyll and carotenoid contents on
a leaf area basis. This was partially due to the
increase in specific leaf weight.

Effects of soil temperature on plants grown
at different air temperatures
during the light period

To further investigate the impact of soil tempera-
ture on plant performance, cotton seedlings
were cultivated at either an air temperature of
20 °C and medium PFD or at 24° or 34 °C and

high PFD. The air temperature during the 12-h
dark periods was kept at 25 °C in all treatments.



The soil temperature was maintained at either
20° or 30 °C throughout the 2-wk cultivation per-
iods. Maintaining the soil temperature constantly
at 30 °C instead of 20 °C resulted in a 47-55%
increase in total dry weight for plants grown
under high PFD and 24/25 °C or 34/25 °C, res-
pectively (table V). The total leaf area increased
by 58% (24/25 °C) and 86% (34/25 °C) as a re-
sult of these 2 treatments. The dry weight ratio of
shoot to roots also increased with an increase in

soil temperature. For example, at high PFD, 34/
25 °C and 20 °C soil temperature the root dry
weight accounted for 21% of the total plant
mass. At a soil temperature of 30 °C the root dry
weight accounted only for 11 %. The specific leaf
weight was not influenced by the soil tempera-
ture.

At growth conditions of medium PFD and 20/
25 °C the total plant dry weight increased by
28% as the constant soil temperature increased
from 20° to 30 °C. The shoot/root ratio was near-

ly the same for both treatments (table V)).
In contrast to the marked changes in growth

characteristics that were evident as a result of
lower soil temperatures, the values for FV/FM
and pigment contents (table VI) depended main-
ly on the conditions applied to the shoot and
were unaffected by the soil temperature. Similar

to the finding of a previous study (Winter and Kö-
niger, 1991) chlorophyll and carotenoid contents
markedly decreased at air temperatures of 24°
and 20 °C in comparison to 34 °C, probably
owing to photooxidative processes.

DISCUSSION

Recent investigations revealed that in the long
term, air temperatures of 25° and 20 °C applied
to cotton plants during the light periods may re-
sult in impaired photosynthetic performance,
photooxidation and in growth reductions, espe-
cially at light intensities close to full sunlight (Kö-
niger and Winter, 1991; Winter and Königer,
1991). The experiments described in this paper
show that when low temperatures are applied du-
ring the dark period (15° or 10 °C), cotton plants
also experience drastic reductions in growth.
These reductions, however, were not accompa-
nied by inhibitions of photosynthetic O2 evolution

(on an area basis) or decreases in FV/FM. Thus,
even temperatures as low as 10 °C during the
dark period do not predispose cotton to high light
stress during the following light period. Lowering
the temperatures during the light period with high
light intensities just slightly below 30 °C resulted



in growth reductions (Winter and Königer, 1991)
as severe as those caused by lowering the night
temperature from 25° to 10 °C. The finding of
Patterson and Mortensen (1985), that growth in
common crupina reacted more sensitively to

changes in temperature during the night than du-
ring the day, was probably due to the fact that
their plants were exposed to relatively low light
intensities (430 &mu;mol m-2 s-1).

Various short-term experiments have revealed
that low temperatures can lead to considerable
accumulations of carbohydrates in source leaves,
which could potentially result in a feedback inhibi-
tion of photosynthesis (Azcon-Bieto, 1983; Paul
et al, 1990; Stitt, 1991; Brüggemann et al, 1992).
For example, exposing rice plants, cultivated at
32/22 °C (light/dark period) for 3 d to 21/10 °C
resulted in reduced CO2 assimilation rates ac-

companied by an accumulation of carbohydrates
(Huang et al, 1989). Marked and sustained in-
creases in carbohydrates were also found in cot-
ton plants exposed for 4 d to low air tempera-
tures (20 °C) during the light period (Königer and
Winter, 1992). Thus feedback inhibition may, in

principle, have played a role in the results repor-
ted here. For example, at the end of the cultiva-
tion periods lower values for PSmax expressed on
a chl basis were found in plants grown under
lower night temperatures and medium PFD.

However, under high light, when in theory the
leaves should have higher carbohydrate levels,
there were no discernable differences in PSmax

even when expressed on a chlorophyll basis.
The increases in specific leaf weights seen with
decreasing night temperatures reveal the mar-
ked influence of temperature on leaf develop-
ment and are likely to be the basis for the similar
rates of PSmax that were seen when they were
expressed on an area basis. Keeping the soil

temperature at a constant 25 °C for plants grown
at high PFD and 34/10 °C (light/dark period),
and thus increasing the sink strength of the

plants also did not result in an increase in PSmax
at the end of the 2-w k cultivation period. We
have therefore concluded that if feedback inhibi-
tion developed during the treatment, compensato-
ry effects which overcame it in the long term must
have occurred.

Reduced air temperatures during dark (15°,
10 °C) or light periods (20°, 24 °C; see Winter
and Königer, 1991) resulted in decreases in leaf
turgor pressure. This was probably due to an im-
pairment of water uptake rates at these low soil
temperatures (Kramer, 1983). A reduction in

temperature from 30 to 20 °C in the root medium
has been reported to result in a decrease in the
water uptake rate of cotton roots by 40% (Shira-
zi et al, 1975; see also Bassiri Rad et al, 1991).
Plants cultivated at low soil and/or air tempera-
tures had lower shoot/root ratios than those

grown at higher temperatures, indicating that the
plants invested more into their root system,
which may improve the water uptake. A preferred
allocation of photosynthates to the roots under



low root temperature conditions was also repor-
ted for other species (eg oil seed rape: Mc Duff
al, 1987).
The experiments reported here have shown

that in all cases lower soil and night air tempera-
tures lead to a lower accumulation of biomass.
Partial stomatal closure, as a result of temporary
water stress, leading to reduced photosynthetic
rates under ambient CO2 (Ku et al, 1978; Mus-
ser et al, 1983; De Lucia, 1986; De Lucia et al,
1991; Vapaavuori et al, 1992) may be in part res-
ponsible for these results. Huang et al (1989)
found less severe effects on CO2 assimilation
rates in rice at 21/10 °C (light/dark period) when
the root temperature was kept at a constant

20 °C instead of allowing it to follow the air tem-

perature. The authors suggested that this could
be partly due to an improvement in the water sta-
tus of the plants (see also Boyer, 1968; Ander-
son and Mc Naughton, 1973).

CONCLUSIONS

We have found that in cotton plants low air tempe-
rature during the night and low soil temperatures
always lead to severe reductions in growth. There
was no evidence that these cool temperatures
predisposed the leaves to photoinhibition during
the light periods. Evidence was also obtained re-
vealing that the cool night and rhizosphere tempe-
ratures influence plant development by altering
leaf morphology (increases in specific leaf weight;
thicker leaves) and partitioning ratios (greater in-
vestment in roots as opposed to shoots).
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