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Abstract Potassium deficiency is known to deeply
impact dry matter yield through a lower photo-
assimilates production. The objectives of this study
were to find out and classify the principal mecha-
nisms that accounted for the reduction in plant stature.
Our approach used the framework of interception-
conversion modelling, with focuses on photosynthesis
(gas exchange analysis, Farquhar model), plant-water
relations (water potential components), and soluble
sugars in leaves. Cotton plants were grown during
7 weeks under glasshouse hydroponic conditions and
4 increasing levels of potassium nutrition (K0, K1,
K2 and K3). Sugar started to accumulate in mature
leaves of K deficient plants at 20 days after
emergence (DAE). This was mainly interpreted as

the consequence of a low phloem loading for sucrose.
At 40 DAE, leaf area and dry weight were reduced in
K0 and K1 treatments compared to K2 and K3.
Specific leaf weight was much higher in K deficient
plants then in non deficient ones. Photosynthesis was
reduced but only for severe deficient treatments (K0)
and at the last measuring dates (50 DAE). We venture
the hypothesis that sugar accumulation may be the
key factor affecting nutrition of the growing organs,
and photosynthetic capacity of the unfolded and
mature leaves.

Keywords Potassium . Cotton .Gossypium
hirsutum L. . DW partitioning . Specific leaf weight .

Photosynthesis .Water potential . Sucrose

Abbreviations
DW dry weight
DAE days after emergence
Ψp pressure potential
Ψs osmotic potential
Ψ the water potential
PAR photosynthetic active radiation
Ci internal CO2 pressure
Ca external CO2 pressure
PLA plant leaf area
RUE radiation use efficiency
Jmax electron transport capacity
Vcmax maximum carboxylation rate
α apparent light efficiency of electron

transport
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Rd dark respiration
SLW specific leaf weight
Gs stomatal conductance
%DWL % of leaves DW in total DW
R/S root/shoot

Introduction

Cotton is particularly sensitive to potassium (K)
deficiency, much more than other crops (Cassman et
al. 1989), with strong impacts on fibre yield and
quality (Kerby and Adams 1985; Zhao et al. 2001).
An increasing incidence of K deficiency in cotton crops
in intensive cropping conditions around the world, such
as in USA or Australia, is associated with the
introduction of fast fruiting, high yielding cotton
cultivars that have a greater demand for K during
fructification (Pettigrew 1999; Wright 1999; Camberato
and Jones 2005). In the cotton production areas of sub-
Saharan Africa, decreases in soil organic matter and
low levels of K fertilization have led to an increase in
K deficiency (Pieri 1989; Poss et al. 1997).

Plant cells have a high requirement for K for
photosynthesis, enzyme activation, protein synthesis,
regulation of cell turgor, and ion homeostasis (Marschner
1995). However, K deficiency may not disturb these
processes at the same time or K content, since they do
not take place in the same parts of the cells (Leigh and
Wyn 1984). Some of these processes take place in the
cytoplasm (like protein synthesis) and others in the
vacuole (like turgor). Compensation phenomena of K-
deficiency may also be efficient for some processes like
turgor (Leigh and Wyn 1984; Bednarz and Oosterhuis
1998) and inefficient for others like photosynthesis or
protein synthesis. From the precedent statements it
appears that when K content starts to drop in a plant
some physiological dysfunctions may appear immedi-
ately while others may appear later.

A reduction in leaf growth has been commonly
reported for moderately K-deficient plants of wheat
(Rama 1986), soybean (Itoh et al. 1987) and cotton
(Xi and Lihua 1989; Pettigrew and Meredith 1997;
Reddy et al. 2000; Zhao et al. 2001). The relative
decrease in leaf area has been mainly associated with
a reduction in the rate of leaf elongation (Jordan-
Meille and Pellerin 2004). The physiological cause of
this reduction, however, is still subject of controversy.

Some authors attribute leaf area reduction to limited
cell expansion caused by a decrease in the osmotic
regulation of the plant water status by K (Leigh and
Wyn 1984; Mengel and Kirkby 2001; Benlloch-
Gonzàles et al. 2008). Others highlight the role of K
in phloem transport of sugars from source leaves to
sink organs (roots, fruits and apical buds) (Huber
1985; Cakmak et al. 1994a), which may reduce leaf
growth potential without affecting photosynthesis at
the source (Mengel and Viro 1974a).

During acute deficiency whereby the concentration
of K in plant leaves is less than 20 mg g−1 of DW or
25 mM (Leigh and Wyn 1984; Bednarz and Oosterhuis
1999; Reddy et al. 2000), DW production is drastically
reduced and exceeds what we could expect from a
reduction in sunlight interception caused by a smaller
leaf area. DW reduction may be the consequence of a
reduction in photosynthesis per leaf unit area (Bednarz
and Oosterhuis 1999; Zhao et al. 2001; Jordan-Meille
and Pellerin 2008; Pettigrew 2008). Three major
causes of a reduction of photosynthesis under K
deficiency have been implicated: (i) reduced stomatal
and mesophyll conductance (Terry and Ulrich 1973;
Longstreth and Nobel 1980; Pervez et al. 2004): (ii) a
negative feedback on CO2 assimilation rates induced
by the accumulation of soluble sugars (Bednarz et al.
1998; Roitsch 1999) which can impact negatively on
the activity of the enzyme Rubisco (Farquhar et al.
1980); (iii) impaired counterbalancing by K+ of H+

accumulation during electron transport across the
thylakoid membrane (Mengel 1984; Tester and Blatt
1989; Weng et al. 2007). The photosynthetic model
proposed by Farquhar and Sharkey (1982) is appropri-
ate to quantify among these three mechanisms which
ones are affected by K-deficiency.

It is yet unclear whether photosynthate transloca-
tion or insufficient osmotic pressure is the key
mechanism affecting plant physiology (photosynthe-
sis, leaf area expansion, DW partitioning) under
moderate and acute K deficiency. Recently, different
hexoses and sucrose have been recognised as important
signal molecules in source-sink regulation (Roitsch and
Gonzales 2004). This strengthens “sucrose impaired
translocation” as the main dysfunction under K
deficiency and lead to the suggestion it is necessary
to re-examine the source−sink relationship of the plant
under the influence of the stress. Characterizing sugar
accumulates in leaves (Huber 1984) and plant water
status (Mengel and Arneke 1982) will be useful in
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determining the physiological mechanisms underlying
K deficiency.

The objectives of this study is to investigate changes
in carbon assimilation associated with different levels of
K deficiency such as stomatal conductance, photosyn-
thesis or biochemistry and to relate them to associated
impacts at plant scale such as radiation use efficiency
(Sinclair and Muchow 1999), DW production and
resource partitioning.

Materials and methods

Plants

The H 279-1 cotton (Gossypium hirsutum L.) cultivar
was pre-germinated and transplanted in hydroponic
pots 2 days after emergence on March 9th 2006 in a
glasshouse at the INRA Domaine de la Grande
Ferrade (44° 50′ N, 0° 34′ W, Bordeaux, France).
Seedlings were thinned to one per pot. Overall, there
were sixty 24 l randomly arranged polyvinyl chloride
(PVC) pots. The nutrient solutions were changedweekly
and the pH corrected to a value of 6.5. The growth
chamber was programmed at 25°C/20°C (day/night) and
65% relative humidity. Plants were grown under natural
light conditions. Pots were filled with deionized water
and the nutrient solution composed of 14 mM NO3

−,
2 mM NH4

+, 4 mM Ca2+, 2 mM PO4
3−, 2 mM SO4

2−,
2 mM Mg2+, 1 mM Fe3+, 48μM H3BO3, 7.3μM Cl−,
3.7μM Mn2+, 0.77μM Zn2+, 0.32μM Cu2+ and
0.12μM MoO3.

Four K levels in nutrient solution were tested: a
control (K3) with 3 mM of K, and three levels of K
deficiency, i.e. K2, K1 and K0 with 0.3, 0.07 and
0.02 mM of KCl, respectively. According to a previous
experiment these levels led to a wide range of leaf K
contents. The experimental design was randomized with
each experimental treatment repeated 5 times. Plants
were harvested at 20, 40 and 50 DAE. Plant DW
components were dried during 48 h at 80°C.

Measurements

Air temperature and humidity were measured using
two sensors (HMP35C Sensor Vaisala, Helsinki,
Finland) positioned on top of a 1.5 m high pole
located in the centre of the experimental design. Light
intensity was monitored using four PAR sensors

(SP1110 pyranometers). Data was collected using a
data logger (21X, Campbell Scientific, UK) every
5 min and averaged on an hourly basis.

Water relation measurements

The leaf water potential was measured with the
“Scholander-bomb” (Scholander et al. 1965). Osmo-
larity was determined in leaf disk samples by freezing
point depression (Roebling osmometer, LH Roebling,
Berlin, Germany). Ψp was calculated from values
obtained for Ψs and Ψ according to the following
equation (Hsiao 1973): Ψ = Ψs = Ψp.

Photosynthetic rates

Carbon assimilation was measured on the first fully
expanded leaves 20, 40 and 50 DAE. At these ages,
plants were in the vegetative exponential growth
phase. Gas exchange measurements were conducted
with a LICOR 6400 (LI-6400; LICOR Inc., NE,
USA) with the air temperature and relative humidity
inside the leaf chamber controlled at 25°C and 60 %,
respectively. The photosynthetic rate response to leaf
internal partial pressure of CO2 (Ci) was obtained by
decreasing the ambient CO2 (Ca) concentration from
400, 200, 100 and 50 ppm. Incident PAR level was
maintained at a high level of 3,000µmol PAR m−²s−1

to have non limiting light condition. The light response
curves were obtained at 400 ppm of CO2 and by
decreasing incident light intensities. Range of light
intensity was 2,000, 1,250, 800, 400, 200, 100 and 0 at
the first date (20 DAE) and 3,000µmol, 1,500µmol,
800µmol, 400µmol 200µmol, 100µmol and 0µmol
PAR m−²s−1 at latest dates (40 and 50 DAE).
Maximum light intensity was modified between 20
DAE and the other dates when we realized that cotton
had not reached saturation at 2,000µmol PAR m−²s−1.
Photosynthesis was measured around 5 min after each
change in Ca or PAR when a steady state was reached.
Ci/Ca, the relative CO2 partial pressure between
external and internal stomatal chambers was calculated
at the three dates for 400 ppm of ambient CO2 and
3,000µmol PAR m−²s−1.

Daily gas exchange survey

At 50 DAE, the leaves’ gas exchange under
“natural” conditions was measured every 2 h
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throughout a day using a LICOR 6400. According to
the natural light conditions, light intensities were
settled at 300µmol, 600µmol, 1,500µmol, 800µmol
and 300µmol PAR m−²s−1 respectively at 10 h, 12 h,
14 h, 16 h and 18 h. Even though these values are
low, they reflect greenhouse light conditions and
certainly some shading by the structure.

Cations analysis

K, Ca, Mg and Na content were determined from
plant material in the following way: dried material
was milled to pass a 1 mm sieve. It was then ashed at
550°C. The ashes were then digested in a 1M nitric
acid which was boiled off. The residue was taken up
in hot 0.5M nitric acid and the volume cooled down.
The cations were determined by atomic emission or
absorption.

Sugar analysis

Soluble sugars (glucose, fructose and sucrose) from
leaf disks and root apices were extracted in boiling
80% ethanol for 15 min. The extraction was repeated
a second time in ethanol and a third time with water
(Moing et al. 1992). All extracts were evaporated to
dryness and frozen until analysis. Soluble sugar
concentrations were then measured by the microtitre
plate-adapted enzymatic according to Kunst et al.
(1984). All samples and standards were determined as
the mean value of two replicates assay wells. End-
point determination for the three soluble sugars was
based on the reduction of NAD to NADH (Jones et al.
1977). First step was glucose determination by
phosphorylation of glucose to G6P and NAD and to
6PGlcU and NADH as the final step of the reaction
sequence. The last sequence was quantified by
spectrophotometric method. The second step was
fructose determination by enzymatic transformation
of fructose to glucose and the previously described
conversion of G6P. As fructose assay is accomplished
in the same well as glucose assay, they are temporally
separated, and fructose is determined by substraction
of glucose prior to isomerisation from total glucose at
the end of the assay. Sucrose determination was based
on the cleavage of sucrose into glucose and fructose
by sucrose phosphorylase. Fructose was then con-
verted into glucose, as previously described and total
glucose was measured by the spectrophotometric

method on a Microplate reader (ELx 800 uv, BIO-
TEK Instruments, Winooski, USA). Sucrose was
determined by substraction of glucose and fructose
prior to sucrose phosphorylation from the total
glucose at the end of the assay.

Calculating

& PLA was calculated as follows: the sum of
individual leaf sizes.

& Intercepted PAR was calculated as follows: 0.48*
total radiation* PLA. Since there was little self-
shading as our experiment involved only plants in
the early vegetative stage, light interception was
linearly related to PLA. Value of 0.48 is the ratio
of PAR to total radiation (Tao et al. 2005)

& RUE was calculated as follows: total dry biomass
divided by the cumulated intercepted PAR be-
tween emergence and the last sampling date.

Modelling photosynthesis

Photosynthesis can be biochemically limited by one
of two basic mechanisms: the Rubisco activity and the
rate of RuBP regeneration which can be determined
by looking at Jmax (Lawlor 2002). To determine which
of these mechanisms were affected by K deficiency,
we used the model of Farquhar et al. (1980), based on
the use of A-Ci and A-PAR response curves.
Response curves were used to estimate parameters
of the biochemical photosynthesis model developed
by Farquhar et al. (1980) by non-linear fitting
procedures (Systat 10, SPSS Inc 2000). Vcmax, α,
Rd and Jmax were calculated according to Von
Caemmerer and Farquhar (1981). Under light saturat-
ed conditions and Ci below 200 ppm, we assumed
that assimilation was limited by RubisCO function-
ing, and at low light intensity (<800µmol m−²s−1), we
assumed RubP regeneration became limiting. S (the
concentration of photophosphorylation site) , Kc
(the turnover number of carboxylase site) and Ko
(the turnover number of oxygenase site) temperature
dependency were calculated according to Leuning
(1990, 2002). Vcmax, Jmax, α and Rd did not have the
same number of observations as Jmax, and α were
obtained by model regression with light response
curves, Vcmax with CO2 response curves and Rd
from both.
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Plant growth modelling

To discuss the relative effects of photosynthesis and
carbon allocation, a growth model was built using
carbon budget formalism. This approach is com-
monly used for crop modelling (Cotons®, EPIC,
CERES) (Tardieu et al. 1999). It uses the specific
leaf weight to calculate leaf area production of plant
net photosynthesis:

Δleaf area=Δt ¼ net photosynthesis*p=SLW

where p is the proportion of carbon allocated to leaves
the same day. Values of p and SLW were calculated
daily from the three measurement dates and decayed
to negative asymptotes. One relationship was calcu-
lated for every treatment.

The complete model was built on the basis of
following factors:

& Starting leaf area was the leaf area measured on
the third day of the experiment and starting dry
weight was the average dry seed weight.

& Light interception: It was assumed that all
leaves intercept light without any leaf shading
and at the same efficiency. Daily photosynthesis
was thus certainly overestimated, but we con-
sidered that as our experiment lasted 50 DAE,
most leaves were fully efficient and there would
be little auto-shading.

& Photosynthesis was calculated hourly. Night
respiration value was considered equal to ob-
served dark respiration value. To identify the
plant net assimilation rates, we used the mean
response for each treatment (mean of five leaves)
of assimilation to varying light intensity. These
response curves where established at 20, 40 and
50 DAE.

& We supposed that, on a weight basis, cotton plants
had only vegetative organs. The relative carbon
content of dry weight was measured for each
treatment. Simulated dry weight production was
calculated as follows:

[simulated net carbon assimilation/observed relative
carbon content].

In parallel, we ran one simplified model that didn’t
take the SLW and the DW partitioning to leaves
changes among K treatments into account (default
data remained unchanged between treatments, equal
to those of K3 treatment). The model adaptability was

evaluated by R² and a between simulated and
observed data. R² is the coefficient of determination
of the regression formula for the model, where a is the
slope of the linear regression curve between observed
and predicted values. We ran the models and
compared to observed data.

Data analysis

An analysis of variance (ANOVA) was carried out
according to the general linear model of the Statistical
Analysis System (SAS Institute, Cary, NC, USA).
Data means were tested using the Student-Newman-
Keuls test, and significant differences were based on a
0.05 probability value.

Results

Leaf K and other major cation contents

The foliar K concentrations significantly differed
between treatments from the first to the last
measurement date (Table 1). The leaf K contents
declined in the K0 and K1 treatments while K2 and
K3 had more stable leaf K contents. At 20 DAE, the
K0 leaf K content was 18 mg g−1 of DW, which was
significantly lower than in the other treatments. Then
it fell to 10 and 8 mg g−1 at 40 DAE and 50 DAE
respectively. Obvious visible symptoms (interveinal
chlorosis) of leaf K deficiency on K0 treatments
appeared at around 40 DAE. From the second
measurement date to the end of the experiment, the
leaf K contents differed highly significantly between
treatments. As expected, foliar potassium levels were
very high in the K2 and K3 treatments, even at the
last measurement date (23 mg g−1 and 42 mg g−1). K
deficiency did not affect the total foliar nitrogen
concentration (data not shown). Ca, Mg and Na
concentrations were significantly higher in K de-
prived plants. Therefore, the calculated sum of
cations in tissue water (K + Ca + Mg + Na),
calculated on basis of the assumption that all of
these cations were in a soluble form, was signifi-
cantly lower in K deprived plants (Table 1). This
suggests that the higher uptake of other cations (Ca,
Mg, Na) by K deprived plants does not potentially
offset the lack of molarity due to the lower K
content.
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Effects of K-deficiency on the main growth
parameters: DW, C allocation, SLW, leaf area
and RUE

At 50DAE, plant development, estimated as the number
of nodes on the main stem, was not different between

treatments (Table 2). The DW values were 51.8 g,
59.8 g and 64.8 g per plant for the K1, K2 and K3
treatments, respectively. In contrast, average weight
from K0 treatment was 22.7 g per plant, i.e. less than
half the biomass produced in the other treatments.
Detrimental effects started to be significant at 40 DAE.

Table 1 Variations in K content in leaf DW (mg g−1), total cation molarity (mM) and soluble sugars content in leaf DW (mg g−1) at
the three measurement dates, according to the potassium concentration in the nutrient solution. Means with the same letters are
considered to be not different at p=0.05

Parameter K0 K1 K2 K3 Student test

Foliar K at 20 DAE 18 (c) 31 (b) 33 (ab) 36 (a) **

Foliar K at 40 DAE 10 (d) 18 (c) 33 (b) 43 (a) ***

Foliar K at 50 DAE 8 (d) 11 (c) 23 (b) 42 (a) ***

Total foliar cations (mM) at 50 DAE 187 (a) 198 (b) 222 (b) 269 (c) **

Hexose at 20 DAE 12 8 7 6 *

Hexose at 40 DAE 48 (a) 22 (b) 21 (b) 17 (b) ***

Hexose at 50 DAE 45 (a) 24 (b) 8 (c) 5 (c) ***

Sucrose at 20 DAE 52 43 37 44 NS

Sucrose at 40 DAE 141 (a) 61 (b) 59 (b) 76 (b) ***

Sucrose at 50 DAE 152 (a) 73 (b) 54 (b) 52 (b) ***

Levels not connected by the same letter in the same lines are significantly different according to the Student’s t test.. NS: p>0.05, *:
0.01 < p<0.05, **: 0.001 < p<0.01; ***: p<0.001

Parameter K0 K1 K2 K3 Student
test

Leaf area (cm²) at 20 DAE 220 194 249 226 NS

Leaf area (cm²) at 40 DAE 1,561 (a) 2402 (b) 3,031 (c) 3,211 (c) **

Leaf area (cm²) at 50 DAE 2,304 (a) 4825 (b) 5,656 (bc) 6,055 (c) **

Mainstem node number at 50 DAE 9.67 10.67 10.25 10.33 NS

Total DW (g plant−1) at 20 DAE 1.15 0.81 1.27 1.23 NS

Total DW (g plant−1) at 40 DAE 13.03 (a) 20.59 (b) 27.21 (c) 30.51 (c) ***

Total DW (g plant−1) at 50 DAE 22.7 (a) 51.8 (b) 59.8 (b) 64.8 (b) ***

Leaves in DW (%) at 20 DAE 60.9 (a) 60.83 (a) 59.23 (a) 54.94 (b) *

Leaves in DW (%) at 40 DAE 54.1 (a) 46.9 (b) 43.1 (c) 41.7 (c) ***

Leaves in DW (%) at 50 DAE 54.9 (a) 43.5 (b) 40.7 (c) 38.5 (c) ***

Root/shoot at 20 DAE 0.17 0.14 0.15 0.19 NS

Root/shoot at 40 DAE 0.19 (a) 0.26 (b) 0.25 (b) 0.25 (b) *

Root/shoot at 50 DAE 0.17 (a) 0.23 (b) 0.22 (b) 0.22 (b) *

SLW (mg cm−2) at 20 DAE 3.20 2.65 3.01 2.99 NS

SLW (mg cm−2) at 40 DAE 4.52 (a) 4.02 (b) 3.78 (b) 3.98 (b) *

SLW (mg cm−2) at 50 DAE 5.39 (a) 4.66 (b) 4.28 ( c) 4.14 ( c) *

Ci/Ca at 20 DAE 0.71 0.80 0.76 0.76 NS

Ci/Ca at 40 DAE 0.67 0.71 0.73 0.75 NS

Ci/Ca at 50 DAE 0.82 0.74 0.56 0.67 NS

RUE in g DW MJ−1 PAR at 50 DAE 1.97 (a) 2.65 (b) 2.69 (b) 2.74 (b) **

Table 2 Mean values for
leaf area, mainstem node
number, total DM, propor-
tion of leaves in DM, root/
shoot ratio, SLW, Ci/Ca,
total water content and RUE
according to the potassium
concentration in the nutrient
solution

Levels not connected by
the same letter in the
same lines are significantly
different according to
the Student’s t test.. NS:
p>0.05, *: 0.01 < p<0.05,
**: 0.001 < p<0.01; ***:
p<0.001

Table 1 Variations in K content in leaf DW (mg g−1), total cation
molarity (mM) and soluble sugars content in leaf DW (mg g−1)
at the three measurement dates, according to the potassium

concentration in the nutrient solution. Means with the same
letters are considered to be not different at p=0.05
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In addition, dry weight allocation was modified for the
highest K deficiency treatments. The R/S ratio for the
K0 treatment remained at a constant value of 0.17±0.02,
whereas it increased with time up to 0.25±0.01 for
treatments K1 to K3. This was mainly due to the higher
contribution of leaves in the total DW (Table 2). In
addition to this modification, K0 treatment plants had
significantly higher SLW values from the second
measurement date and the differences between treat-
ments increased with time (Table 2): SLW ranged from
5.39 mg cm−2 to 4.14 mg cm−2 for K0 and K3,
respectively, at the end of the experiment. As a result
of the reduced DW and increased SLW induced by the
K deficiency, leaf areas were significantly different
between treatments at the last sampling date, increasing
with greater K availability. Finally, RUE was signifi-
cantly lower for the K0 treatment plants (1.97 g DW
MJ−1), compared to the three other treatments, with
mean values ranging from 2.65 to 2.74 g DW MJ−1.

Effect of K-deficiency on leaf and apex soluble
sugar content

The sucrose concentration of matures leaves accounted
for most of the soluble sugar in each treatment. In the
K0 treatment plants the sucrose concentration was
significantly higher at 40 and 50 DAE, i.e. even
surpassing 15% of the leaf DW at the last sampling
date. This content at the latest date is very high
compared with the leaf DW content of the K1, K2 and
K3 treatment which ranked from 52 to 73 mg g−1 of the
leaf DW (Table 1). Note that the sucrose concentration
drastically increased (Fig. 1) when the K concentration
dropped below 15 mg g−1 (100 mM) at 40 and 50
DAE. The same trend was noted for hexose concen-
tration, which was also significantly higher in the
leaves of the K0 treatment plants at all dates. Unlike
mature leaves, the shoot and root apexes of the K0
treatment plants had lower hexose content than all the
other treatments (relative content less than 50%; data
not shown). In order to have sufficient material for
sugar analysis, we had to combine the apices from the
5 plants in each treatment. Thus the results cannot be
statistically supported due to the lack of replications.

Effects of potassium on plant-water relations

For treatments K1 to K3, the plant water content
measured at the whole plant scale decreased linearly

during the experiment from 92 to 88%. The water
content of the K0 treatment plants followed the same
trend, although the values were significantly 1%
lower (data not shown). However, when only leaves
are taken into account, difference between treatments
is no longer existent (data not shown). Measurements
obtained on the first fully expanded leaves showed
that K deficiency had slight but positive effects on
turgor, as deduced from the water and osmotic
potential measurements (Fig. 2). For instance, the
water potential ranged from −0.6 to −1.4 MPa and
lowest values were shown by leaves with a higher
K content. The osmotic potential ranged from −1.8
to −0.9 MPa. The maximum value of −0.9 MPa was
obtained with a leaf K content of 15 to 30 mg g−1,
whereas leaves with higher and lower K contents had
osmotic potentials ranging from −1 to −1.8 MPa
respectively.

Photosynthetic activity

Analysis of light and CO2 response curves

K deficiency did not affect CO2 assimilation at early
stages (20 DAE). The PAR and CO2 response curves
were not significantly different (Figs. 3a and 4a). The
maximum assimilation rate at high light intensity was
approximately 20µmol CO2 m

−2s−1 for all treatments.
In contrast, CO2 assimilation differed among treat-
ments for the light response curves at 50 DAE and
CO2 response curves at 40 and 50 DAE. K0 had
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lower assimilation rates (Figs. 3b c, 4b). Maximum
assimilation rates were not achieved even with a light
intensity of 3,000µmol photons m−2s−1.

Net assimilation was affected by the K treatments
at low CO2 concentration. The initial slope of the
assimilation rate as a function of the internal CO2

concentration was different for K0 as compared to the
other treatments (Fig. 4), which could be related to the
significant regression coefficient obtained between
Vcmax and the leaf K content (Fig. 5). Dark respiration
was not affected. K0 treatments had decreased in
photosynthesis rate by 15 to 30% at compared to
control. The light saturated maximum rate of electron
transport (Jmax) and quantum efficiency (α) were not
significantly affected by the K leaf status.

Stomatal conductance

Figure 6 shows the average Gs response throughout
the measurement day at 50 DAE. The curves only
showed an effect of the K treatment on Gs for the K0
treatment. Nevertheless, those results should be taken
with caution as stomatal behaviour may be subject to
photosynthesis feedback (Yu et al. 2001). The relative
Gs values (Gs K0/Gs K3) rose from 0.28 at the

beginning of the day (10:00) up to nearly 1 at the last
sampling hour (18:00), whereas the radiation intensity
was the same for those two periods (300µmol./m−2s−1).
In addition to the Gs measurement, we calculated
the Ci/Ca but the values didn’t differ statistically
among K- treatments.

DW production simulation

A simple model of dry weight production was built at
the plant scale using input variables such as leaf dry
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weight ratio, SLW and net photosynthesis response to
light (response curves 3a, b and c). As leaf K content
was not stable throughout the experiment, especially
for K0 and K1 treatments, we attributed different
response curves to plants according to their daily
interpolated leaf K content. We extrapolated the date
at which the plants from K1 and K0 treatments
changed status. Concerning plants from K1 treatment,
the simulation of assimilation rates started with a “K2
light response curve” until their foliar K fell under
18 mg g−1 after which the “K1 light response curve”
was applied. We started the simulation of assimilation
rates of plants from K0 treatment with a “K1 light

response curve” followed by a “K0 light response
curve” used when the foliar K dropped under 10mg g−1.
Figure 8 shows comparison between simulated and
observed DW for each individual plant. The simu-
lations with complete model gave a fairly good
estimation of observed DW as the regression slope
(a) was 0.91 and the R² was 0.69. Simulation of plant
DW accumulation without K effect on partitioning
gave a bad estimation: R² was only 0.50 (P not
significant).

Discussion

Characterisation of K deficiency

The experiments were designed to analyze the effects
of K starvation on the growth of cotton plants under
hydroponic conditions, and on some associated phys-
iological processes related to carbon and water status.
A wide range of plant K contents were obtained in the
experiment ranging from 8 to 42 mg g−1 of leaf DW at
the end of the experiment. These values are in the
usual range of values recorded in such experiments on
cotton plants (Brouder and Cassman 1994; Bednarz
and Oosterhuis 1998). K concentrations in K0
treatment dropped down to values considered critical
for growth (Leigh and Wyn 1984; Bednarz and
Oosterhuis 1999; Reddy and Zhao 2005). On the
contrary, the K2 and K3 treatments could both be
considered a priori as non-limiting throughout the
experiment. K1 was assumed to be non-deficient from
the beginning to 40 DAE and slightly deficient
afterwards.

K did not affect the plant water status

In our hydroponic conditions, plants did not suffer
from a lack of water supply. K-starved plants in their
natural environment have lower water content than
non starved plants (Leigh and Wyn 1984) but in the
present experiment, leaf water content was not
different among treatments. On one hand, the low
osmotic potential measured (Fig. 2a) for the non-
limiting treatment (K3) can be attributed to plant K
excess consumption (Table 1), given the well-known
role of K with respect to osmotic regulation (Mengel
and Arneke 1982; Barraclough and Leigh 1993;
Caroll et al. 1994). The calculated contribution of K
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to the osmotic potential (Fig. 7) was based on the
assumption that the osmotic potential could be mainly
explained by the sum of cations (expressed towards
tissue water), and the soluble sugar content. Hence,
for high K concentrations, the K contribution to the
total osmolarity was predominant, and even probably

underestimated because some of the Ca and Mg found
in plant tissues may not be in soluble state. On the
other hand, low K content leaves also had a low
osmotic potential, due to the high leaf sugar content
(Fig. 1) and the relative increase in compensation
cations other than K, which is a common trend noted
under K deficiency (Pujos and Morard 1997; Henning
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2003). According to our calculation, sugar accumula-
tion in K0 deficient leaves accounted for around 50%
of the osmolarity, compared to 30% in K1 leaves and
less than 20% in K2 and K3 leaves. This highlights
the role of sugar compensation in K deficient leaves
(Scherer and Schubert 1982; Huber 1984; Pettigrew
1999), and especially for sucrose (Talbott and Zeiger
1998; Pretorius et al. 1999).

Review of the effects of the K-deficiency on DW
allocation and sugar accumulation

K deficiency significantly decreased leaf area and dry
weight accumulation (Table 2), which were both
reduced by 60% between treatments K3 and K0 at
the end of the experiment. Root biomass was much
more affected than aerial biomass. This observation is
closely in line with several authors on diverse plants
(Ericsson 1995, Egilla et al. 2001, El Dessougi et al.
2002), and particularly on cotton plants (Zhao et al.
2001). Moreover, SLW, R/S and %DWL were
significantly different among K treatments (Table 2).
This last variable was the only one among all growth
variables observed in the experiment that differed
significantly among treatments as soon as 20 DAE.

Our hypothesis is that these morphological patterns
are accounted for by sugar accumulation in mature
leaves. K deficiency led to a spectacular accumulation
of soluble sugars especially for sucrose (Fig. 1), as
already reported in a wide range of plants (Scherer
and Schubert 1982; Huber 1984; Itoh et al. 1987;
Cakmak et al. 1994a; Zhao et al. 2001), including
cotton (Bednarz and Oosterhuis 1999; Pettigrew
1999). Many convergent results consolidate this
assumption:

& Soluble sugars accumulation, especially hexose, is
precocious. It occurs significantly as soon as 20
DAE (Table 1), simultaneously to the modified %
DWL, and before the other growth variable
become significantly different (leaf area, SLW,
R/S).

& Sugar accumulation in mature leaves seems to be
closely related to the SLW, whose increase for
treatments K0 and K1 is explained for more than
15% by their accumulation. This relationship
between carbon export ratio and SLW has already
been underlined by Reddy et al. (1989). Pettigrew
(1999) found the same trend although the sugar

contribution to the SLW increase was signifi-
cantly smaller (5%).

& Parallel to the accumulation in mature leaves, low
sugar concentrations were measured in roots and
leaf apexes, which could account for the lower R/
S ratio and lower leaf area, even at mild K-
deficiency (Table 2).

Overall, the present study provides evidence that K
starvation globally decreases the translocation of
photosynthetic products in plants by acting directly
on the phloem loading and/or transport into cells in
sinks as already reported by other authors (Conti and
Geiger 1982; Cakmak et al. 1994b; Marschner et al.
1996; Pettigrew 1999). Phloem loading dysfunction
under K-deficiency has been confirmed by labelled
CO2 studies (Mengel and Viro 1974b). This dysfunc-
tion in sucrose transport might also be advanced to
explain the photosynthesis disturbance.

Effect of K-deficiency on carbon assimilation

The ability of plants to transform light into dry weigh
was decreased, as shown by the lower RUE calculated
on the most starving plants (K0, Table 2). Under our
conditions, RUE values ranged from 1.97 to 2.74 g
DW MJ−1 PAR (for treatment K0 and K3 respective-
ly). These values are 30 to 40 % above those reported
by Rosenthal and Gerik (1991) and Sadras and
Wilson (1997) in irrigated field trials, where they
obtained RUE values ranging from 1.3 to 1.9 g DW
MJ−1. This difference is not surprising as we
calculated RUE on the total biomass basis while
RUE on field studies was calculated on aerial biomass
basis. Moreover, even irrigated and well fertilized
conditions are not as optimal as hydroponic condi-
tions. It should be emphasized that the decrease in
RUE due to K starvation was corroborated by
instantaneous photosynthesis measurements which
showed differences between treatments from 40
DAE. However, they can not be directly compared,
as RUE is a time-integrative parameter.

Photosynthesis was reduced (Figs. 3 and 4) for the
most K-starved plants, from the second measurement
date until the end of the experiment. The decrease in
photosynthesis might be partly explained by the lower
reactivity of stomata towards environmental condi-
tions (Fig. 6). However, it should be underlined that
stomatal dysfunction is in contradiction to the absence
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of detrimental effects of the K-deficiency on leaf water
potentials (Fig. 2), and especially to the high level of
sucrose in leaves (Fig. 7), whose role as a primary
guard cell osmoregulator is well-known (Talbott Zeiger
1998). Non stomatal reduction of photosynthesis was
also demonstrated in Fig. 4. Once more, sugar
accumulation may account more or less directly to this
dysfunction, with two possible underlying mecha-
nisms: (i) a negative metabolic feedback exerted by
sugar accumulation (Goldschmidt and Huber 1992;
Rook and Bevan 2003; Koch 2004), which affects the
maximum carboxylation velocity (Vcmax, Fig. 5) prior
to any other photosynthetic parameter (Farquhar et al.
1980), and (ii) a detrimental effect exerted by the
leaves’ thickness (through higher specific leaf weight)
on mesophyl diffusion conductance (Terry and Ulrich
1973). However they are not exclusive and the
unchanged Ci/Ca tends to favour the hypothesis that
both carbon assimilation and carbon input by stomatal
aperture are responsible of the decline of the photo-
synthesis (Ehleringer and Cerling 1995).

Biomass production modelling

Now, to what extent was the growth potential affected
by lower photosynthesis? We ran a simple model of
dry weight production at the plant scale using the
simulated leaf area, net photosynthesis response to
light (response curves 3a, b and c), %DWL, C content
in DW and SLW as input variables. The best
estimation of DW production by the complete model
compared to the estimation by the model with only
photosynthesis effect (Fig. 8) led to conclude that the
photosynthesis modification may not be sufficient to
take into account the observed changes in total DW of
cotton plants under K deficiency. Therefore, there
must be a growing constraint, whose effect is additive
to the least photosynthesis. We may conclude, like
Triboulot and Pritchard (1997) that cell-wall extensi-
bility may be the cause of this decrease but we also
establish the hypothesis that there might be a
morphogenetic signal to developing organs (Black et
al. 1995) (Waclawovsky et al. 2006).

K overall effects on cotton morphology
and physiology

K deficient cotton plants are characterized by a
marked reduction in assimilates production and

translocation. Not only do the plants have smaller
leaf area, but also the leaves are less efficient
photosynthetically. Moreover, the source leaves ap-
pear to keep much of the assimilates and not
translocate them to the reproductive sinks, i.e. young
leaves, stems, reproductive sinks and roots. As a
result, the concentration of plant nutrient and soluble
sugars in leaves contributed to the increased SLW.
Our results highlight the role of potassium as a
counter-ion for phloem transport rather than its roles
on plant-water relation. The present study carried
additional information about the sequence of response
to K deficiency, the physiological processes involved,
and their relative importance. Under our experimental
conditions, the first difference between treatments
concerned the accumulation of DW in mature leaves,
as soon as 20 DAE, before a decrease in leaf area or
in photosynthesis were noticeable. Sugar accumula-
tion offset the osmotic potential loss by K depletion
so that plant water status was not particularly
unfavourable for K deficient plants. Later on, and
for K concentrations in leaves below 10 mg g−1, the
sugar accumulation reached such levels that photo-
synthesis and carbon partitioning were deeply modi-
fied. The decrease in photosynthesis coincided with
reduction in stomatal conductance, but stomatal
conductance may not be the only mechanism limiting
carbon fixation in K deficient leaves. Additional
effects of a negative feedback of the sugar accumu-
lation on carboxylation were also demonstrated.
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In our hydroponic conditions, smaller root growth
resulting from the K starvation did not impact on the
nutrient uptake. However, it can be easily understood
that in natural conditions, this would emphasize the
effects of the deficiency, thus leading to more
detrimental effects at the plant scale, with negative
effects on yield potential and fibre quality.
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