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Summary
Knowledge about physiological responses of weed and
crop to drought is needed to minimise crop losses caused
by weed interference and to improve cropping systems
and crop cultivars. In this study, gas exchange, photochemistry and antioxidant defences of two Anoda
cristata (spurred anoda) accessions from Mississippi
and New Mexico and two cotton types (Gossypium
hirsutum and Gossypium barbadense) were evaluated
under unstressed conditions and progressive drought.
Under no stress, net photosynthesis (Pnet) and quantum
yield (FPSII) were similar, but stomatal conductance (gs)
was higher in A. cristata than cotton. Glutathione
reductase activity was highest in A. cristata from Mississippi. Cotton had at least 92% greater a-tocopherol
concentration than A. cristata. Progressive drought that
suppressed gas exchange to near zero decreased biomass

and FPSII, but increased xanthophyll cycle conversion
state in both A. cristata and cotton. Anoda cristata had
prolonged gas exchange at lower leaf water contents
than cotton. Air-to-leaf temperature diﬀerence was at
least 66% greater in A. cristata, while a-tocopherol
concentration increased only in cotton under progressive
drought. Anoda cristata appears to use patchy stomatal
closure and alternative electron sinks to minimise light
damage during severe drought. Furthermore, sustained
water-holding capacity and assimilation helped by
prolonged stomatal activity, larger pigment pools and
lower leaf temperature in A. cristata may confer stress
tolerance and consequent success in cotton – A. cristata
interference.
Keywords: spurred anoda, photosynthesis, gas exchange,
photochemistry, stress tolerance, oxidative stress, stomatal activity, leaf temperature.
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Introduction
Anoda cristata (L.) Schlecht. (spurred anoda) was once
competitive and diﬃcult to manage in cotton (Gossypium
hirsutum L. and Gossypium barbadense L.) (Arle &
Hamilton, 1973; Patterson et al., 1988) and was listed
among the 10 most important cotton weeds in the United
States (Dowler, 1992). While the use of herbicides,
especially glyphosate, has lessened its impact and occurrence in most cotton farms in the United States, it is still

a serious problem in other crops ⁄ countries (Marzocca,
1976; Puricelli et al., 2003). Furthermore, there are
regions where herbicide applications are not feasible,
because of reasons such as economics, restrictions and
resistance concerns, especially in weeds with persistent
seed banks as with A. cristata (Puricelli et al., 2002).
Thus, studies on mechanisms of stress tolerance of weed
and crop continue to be important in the development
of cropping systems and crop cultivars that minimise
losses because of weeds without the use of herbicides.
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Reduced productivity in cotton under A. cristata
interference is in part due to deprivation of water,
caused by interspeciﬁc rather than intraspeciﬁc interference (Ratnayaka et al., 2003). Like cotton, A. cristata is
in the Malvaceae and has a similar growth habit.
Moreover, it has several clearly identiﬁable biotypes ⁄
accessions. Thus, it oﬀers a promising model to understand how drought stress is initiated and tolerated at the
physiological level in cotton–weed interactions. Insight
into photochemical or stomatal limitations to net
assimilation during diﬀerent stages of a progressive
drought may help identify means to mitigate these stress
eﬀects. Furthermore, because cultivars of cotton developed with minimum stomatal limitations to photosynthesis may be suitable only for irrigated cropping
systems, biochemical limitations may represent eﬀective
foci when searching for drought-resistant genotypes
(Hutmacher & Krieg, 1983). Thus, clues for developing
stress-resistant crops may involve assessments of properties such as non-photochemical energy dissipation of
PSII, antioxidants such as a-tocopherol and b-carotene,
and enzymes that regulate the redox buﬀer system, such
as catalase, ascorbate peroxidase and glutathione reductase (GR) (Kunert & Foyer, 1993; Secenji et al., 2008),
under both stressed and unstressed conditions, along
with stomatal regulation.
Assimilation, PSII activity and antioxidant systems
of A. cristata accessions from arid and humid regions
have not been compared under irrigated conditions and
progressive drought. The goal of this study was to
identify physiological mechanisms of drought tolerance
in both weed and cotton types, to help develop cropping
systems strategies and drought- and weed-tolerant
cotton cultivars. Thus, the hypotheses of this study are
(i) constitutive levels of gas exchange, quantum yield
and antioxidant systems of two A. cristata accessions
and two cotton cultivars are diﬀerent, and (ii) these four
plant types will experience diﬀerent limitations to
assimilation and PSII activity and resort to diﬀerent
components of protective antioxidant systems during
progressive drought. Changes in leaf bulk water status,
relative water content (RWC), was used as the reference
for the degree of drought.

Materials and methods
Plant material and drought treatment

Seeds of New Mexico (NM, arid) and Mississippi (MS,
humid) accessions of A. cristata were collected from
Leyendecker Research Farm of New Mexico State
University and USDA-ARS, Stoneville, MS, respectively. They were scariﬁed by immersion in concentrated
sulphuric acid (9.3 N) for 20 min (Solano et al., 1976)

and rinsed with water for 30 min before germination.
Anoda cristata and cotton (Delta and Pine Land cv. 5415
[G. hirsutum] and cv. Pima S-7 [G. barbadense]) seeds
were germinated on wet paper towels. Seedlings were
ﬁrst planted into 120-mL pots containing Terra-Lite
Metro Mix 360 (W. R. Grace & Co., Memphis, TN,
USA). Plants with the emerging ﬁrst true leaf were
transplanted into 8-L pots containing the same medium
and grown in the glasshouse under natural day length in
spring. Twelve plants of each A. cristata accession were
maintained per each of six replications arranged in a
randomised complete block design. Temperature was
maintained at c. 30 and 18C during day and night,
respectively, and relative humidity was between 20 and
40%. Plants were watered daily and fertilised weekly
with Technigro 20-18-18 fertiliser (Fisons Horticulture
Inc., Warwick, NY, USA) until the progressive drought
was imposed at 7 weeks after planting. Watering was
withheld from six randomly selected plants of a given
plant type in each replication, while the other six plants
served as well-watered controls (watered uniformly over
the pot to ﬁeld capacity until dripping). Measurements
were taken from a randomly selected water-stressed and
control plant of a given plant type in each replication on
each of the 6 days between drought initiation and wilt.
The experiment was repeated in time.
Gas exchange, leaf temperature and quantum yield

Gas exchange variables and leaf temperature of the
fourth leaf from the apex was recorded with an infrared
gas analyser-based photosynthesis system (LI-6400, LICOR Inc. Lincoln, NE, USA). All measurements were
taken after net photosynthesis (Pnet) and stomatal
conductance (gs) stabilised on the graphical display of
the instrumentÕs console. Measurement conditions were
as follows: internal photon ﬂux density 500 lmol m)2 s)1
to match the average light level at plant height in the
glasshouse, ﬂow rate 400 lmol s)1 and internal CO2
concentration 400 lmol mol)1. Quantum yield (FPSII)
was measured using the same leaf with OS5-FL
modulated chlorophyll ﬂuorometer (Opti-Sciences Inc.,
Tyngsboro, MA, USA). Minimal ﬂuorescence (Fo0 ) was
measured after a 3 s pulse of far-red light, and maximal
0
) was measured after a saturation pulse
ﬂuorescence (Fm
of 0.8 s at 5000 lmol m)2 s)1. The measuring beam was
mi)2 s)1. Quantum yield was computed as
 at 360 lmol

hset
0
0
0
Fm  Ft =Fm , where Ft0 is the ﬂuorescence immediately before saturation pulse.
Antioxidant enzyme activities and pigments

Leaf discs (0.6 cm diam) were taken using a paper holepuncher from the same leaf used to measure Pnet. Discs
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were frozen immediately on dry ice and stored at –20C
until used for biochemical assays. Ten leaf discs were
homogenised in 700 lL of a solution containing 50 mM
PIPES buffer, 6 mM cysteine hydrochloride, 10 mM
D-isoascorbic acid, 1 mM EDTA, 1% polyvinylpyrrolidone (PVP-10), 0.3% triton X-100, pH 6.8, and centrifuged at 7000 g for 15 min at 4C, as modiﬁed from
Foster and Hess (1980). The supernatant was desalted
and used for assaying total protein and enzyme activities
(APX, ascorbate peroxidase; CAT, catalase; GR, glutathione reductase), as described previously (Bettmann
et al., 2006). Antioxidants and chlorophylls were
assayed according to a method modiﬁed from Gilmore
and Yamamoto (1991), as described previously (Bettmann et al., 2006). Xanthophyll cycle conversion state
was computed as the ratio of sum of zeaxanthin and
antheraxanthin contents to sum of total xanthophyll
content.
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Fig. 1 Shoot biomass of the two Anoda cristata accessions
(Mississippi and New Mexico) and two cotton cultivars (Delta Pine
5414 and Pima S-7) at the end of experiments. n = 36. Error bars
are SE; ***, * and ns indicate signiﬁcant difference at P < 0.001,
0.05 and not signiﬁcant (P > 0.05), respectively, compared with
unstressed plants within a given plant type. MS = Mississippi
accession, NM = New Mexico accession, DP = Delta Pine 5414,
Pima = Pima S-7.

Relative water content and biomass

Relative water content was measured using the ﬁfth leaf
from the apex as (FW-DW) ⁄ (TW-DW), where FW =
fresh weight, DW = dry weight and TW = turgid
weight (weight after the leaf was kept immersed in
de-ionised water overnight). Total biomass of each
water-stressed and well-watered plant used for measurements was determined by drying the total shoot mass at
70C to a constant weight.
Statistical analysis

StatView and JMP (SAS Institute, 1998) were used to
analyse the results of the response variables. In wellwatered plants, species was considered a treatment.
When treatment eﬀects were signiﬁcant in ANOVA,
FisherÕs protected LSD was used for mean comparison
at P < 0.05. For eﬀects of progressive drought in each
plant type, inverse hyperbolic regressions were performed separately for each dependent variable vs. RWC.
Data from the two experiments were pooled, because no
response variable showed a signiﬁcant interaction with
the experiment.

level (Ci) was greater in A. cristata than in cotton.
Although electron transport rate between photosystem
II and I was greater in cotton than in A. cristata, FPSII
was the same in all four plant types (Table 1). Each
A. cristata accession had lower leaf temperature than
cotton with MS-SA maintaining >50% cooler leaves
than either cotton cultivar (Fig. 2).
Chlorophyll concentration (a or a + b) in A. cristata
was more than double that in each cotton cultivar,
although the chlorophyll a ⁄ b ratio was the same in all
four plant types (Table 2). Lutein concentration was
100% and 140% greater in MS accession, and 83% and
120% greater in NM-SA than Delta Pine 5414 and Pima
S-7, respectively. MS-SA had 50% and 97% greater
b-carotene than Delta Pine 5414 and Pima S-7, respectively, while NM-SA had 57% greater b-carotene
content than Pima S-7 (Table 2). However, xanthophyll
cycle conversion state was the same in MS-SA and Pima
S-7, which was greater than Delta Pine 5414 or NM-SA.
Among the antioxidant enzyme activities, GR was
greater in A. cristata, especially in MS-SA (Table 3).
CAT and APX activities in A. cristata were either same
or lower compared with cotton.

Results
Responses to progressive drought
Response under well-watered conditions

Shoot biomass of A. cristata was the same in the two
accessions (Fig. 1), but less than that of cotton. Pnet was
the same in all four plant types. However, gs and
transpiration (E) were 56% and 35% greater in MS-SA,
and 25% and 24% greater in NM-SA, respectively, than
either of the cotton cultivars. Similarly, intercellular CO2

Progressive drought that caused near complete suppression of gas exchange decreased biomass by 25% in Delta
Pine 5414 (P < 0.001), 11% in Pima S-7 (P < 0.05),
16% in MS-SA (P < 0.05) and an insigniﬁcant 8% in
NM-SA (P = 0.1) (Fig. 1). Anoda cristata maintained
cooler leaves with 100% and 66% greater temperature
diﬀerential with air temperature in MS-SA and NM-SA,
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Table 1 Gas exchange and quantum yield characteristics of Anoda cristata (accessions, Mississippi and New Mexico) and cotton
(cultivars, Delta Pine 5414 and Pima S-7) under well-watered conditions

Plant

Pnet
(lmol m)2 s)1)

gs
(mol m)2 s)1)

E
(mmol m)2 s)1)

Ci
(lmol mol)1)

WUE
(mmol mol)1)

F
hPSII
i

0
0
 Ft0 =Fm
Fm

ETR
(lmol s)1)

A. cristata
Mississippi
New Mexico

16.2b
16.7ab

0.50a
0.40b

7.3a
6.7b

294a
276b

2.3c
2.6b

0.71a
0.70a

22.3c
23.8c

Cotton
Delta Pine 5415
Pima S-7

17.2a
17.1ab

0.32c
0.32c

5.4c
5.4c

255c
258c

3.2a
3.2a

0.71a
0.71a

30.2a
26.8b

Means followed by diﬀerent letters in a column are statistically diﬀerent (P < 0.05).
Pnet, net photosynthesis.
gs, stomatal conductance.
E, transpiration.
Ci, intercellular CO2 concentration.
WUE, instantaneous water use eﬃciency.
FPSII, quantum yield.
0
Fm
, maximum light-adapted ﬂuorescence.
Ft0 , ﬂuorescence immediately before saturation pulse.
ETR, electron transport rate between photosystem II and I. n=72.
4

Water-stressed

Air temp - Leaf temp (°C)

Unstressed
3

***
***

2

***

***

1

0

MS
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Pima

Fig. 2 Air-to-leaf temperature difference of the two Anoda cristata
accessions (Mississippi and New Mexico) and two cotton cultivars
(Delta Pine 5414 and Pima S-7). n = 36. Error bars are SE;
***indicate signiﬁcant difference at P < 0.001, compared with
another plant type under water stress. MS = Mississippi accession,
NM = New Mexico accession, DP = Delta Pine 5414,
Pima = Pima S-7.

Table 2 Pigment concentrations and
xanthophyll cycle conversion state
[(Z + A) ⁄ (V + A + Z)] of Anoda
cristata (accessions, Mississippi and New
Mexico) and cotton (cultivars, Delta Pine
5414 and Pima S-7) under well-watered
conditions

respectively, than either cotton cultivar (P < 0.001)
(Fig. 2). Smoothing splines of gs vs. leaf RWC were
associated with r2 values (P < 0.001) ranging from 0.47
in NM-SA to 0.66 in MS-SA (Fig. 3). Although gs
decreased dramatically with declining RWC in all four
plant types even during the relatively less severe phase of
drought (RWC > 70%), the drop in A. cristata tended
to be less abrupt compared with cotton. Similarly, the
drops in Pnet (Fig. 4) and E (data not presented) with
declining RWC were more gradual in A. cristata than
cotton. Furthermore, A. cristata leaves had higher and
more stable FW ⁄ DW than cotton over a wide range of
RWC (Fig. 5).
The drop in Pnet towards zero in A. cristata occurred
without as clear a drop in Ci as in cotton (Fig. 6).
Furthermore, FPSII (quantum yield) dropped at lower
RWC compared with Pnet in A. cristata (Figs 4 and 7).
Xanthophyll cycle conversion state increased with

Plant

Chl. a
(mg g)1 DW)

Chl.
a ⁄b

Lutein (HPLC
peak area
mg)1 DW)

b-Carotene
(lg g)1 DW)

(Z + A) ⁄
(V + A + Z)

A. cristata
Mississippi
New Mexico

24.5a
18.7a

2.8a
2.2a

2.4a
2.2a

10 608a
8457b

0.18a
0.13b

9.3b
8.4b

2.3a
2.2a

1.2b
1.0b

7085bc
5383c

0.14b
0.18a

Cotton
Delta Pine 5415
Pima S-7

Means followed by diﬀerent letters in a column are statistically diﬀerent (P < 0.05).
Chl., chlorophyll.
Z, zeaxanthin.
A, antheraxanthin.
V, violaxanthin. n = 72.
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Table 3 Antioxidant enzyme activities and a-tocopherol
concentration of Anoda cristata (accessions, Mississippi and New
Mexico) and cotton (cultivars, Delta Pine 5414 and Pima S-7)
under well-watered conditions

Plant
A. cristata
Mississippi
New Mexico
Cotton
Delta Pine
5415
Pima S-7

GR
(Units
mg)1
protein)

31a
16b

APX
(Units
mg)1
protein)

0.72a
0.47b

0.07b
0.08b

a-tocopherol
(ng g)1 DW)

41c
48c

23ab

0.35b

0.16a

92b

22ab

0.31b

0.10ab

132a

Means followed by diﬀerent letters in a column are statistically
diﬀerent (P < 0.05).
CAT, catalase.
GR, glutathione reductase.
APX, ascorbate peroxidase. n=72.

MS

NM
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Pima

18
14

Net photosynthesis (μmol m–2 s–1)

CAT
(Units
mg)1
protein)

22
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6
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6
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Fig. 4 Net photosynthesis (Pnet) vs. relative water content (RWC)
of the two Anoda cristata accessions (Mississippi and New Mexico)
two cotton cultivars (Delta Pine 5414 and Pima S-7) with
smoothing spline ﬁts at k = 0.01 during progressive drought.
MS = Mississippi accession, r2 = 0.67; NM = New Mexico
accession, r2 = 0.70; DP = Delta Pine 5414, r2 = 0.69;
Pima = Pima S-7, r2 = 0.68.
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Stomatal conductance (mol m–2 s–1)

0.4
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0.2
0.1

and it remained unchanged in relation to RWC,
especially in MS-SA, during progressive drought. However, a-tocopherol level increased in cotton especially in
Pima, during the more severe phase of drought.

0
0.7

DP

Pima

0.6
0.5
0.4

Discussion
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Response under well-watered conditions
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Fig. 3 Stomatal conductance (gs) vs. relative water content (RWC)
of the two Anoda cristata accessions (Mississippi and New Mexico)
two cotton cultivars (Delta Pine 5414 and Pima S-7) with
smoothing spline ﬁts at k = 0.01 during progressive drought.
MS = Mississippi accession, r2 = 0.66; NM = New Mexico
accession, r2 = 0.47; DP = Delta Pine 5414, r2 = 0.56;
Pima = Pima S-7, r2 = 0.59.

decreasing RWC in all plant types. However, this trend
started only at c. 50% of leaf RWC in A. cristata but at
a relatively earlier phase of drought in cotton (Fig. 8).
As shown in Fig. 9, a-tocopherol concentration was
constitutively lower in A. cristata compared with cotton,

Although Pnet and FPSII were similar in A. cristata and
cotton, the underlying mechanisms sustaining CO2
assimilation were different. For instance, A. cristata
had a greater stomatal activity, indicated by greater gs,
E and Ci than cotton to support the same rate of carbon
gain. Greater stomatal activity caused cooler leaves with
high CO2 concentrations, conditions needed to control
photorespiration, in A. cristata compared with cotton.
However, A. cristata with greater E will deplete soil
moisture in cotton stands more quickly than cotton
intraspeciﬁc interference alone. Lower E caused greater
instantaneous water use eﬃciency in either cotton type
compared with any A. cristata accession.
Anoda cristata accessions possess more pigment-rich
antennae complexes. In the ﬁeld, both MS-SA and
NM-SA stand higher than cotton canopy at maturity.
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Fig. 5 Leaf fresh weight ⁄ dry weight ratio (FW ⁄ DW) vs. relative
water content (RWC) of the two Anoda cristata accessions
(Mississippi and New Mexico) two cotton cultivars (Delta Pine
5414 and Pima S-7) with smoothing spline ﬁts at k = 0.01 during
progressive drought. MS = Mississippi accession, r2 = 0.64;
NM = New Mexico accession, r2 = 0.77; DP = Delta Pine 5414,
r2 = 0.74; Pima = Pima S-7, r2 = 0.66.
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Fig. 6 Association between net photosynthesis (Pnet) and
intercellular CO2 concentration (Ci) in the two Anoda cristata
accessions (Mississippi and New Mexico) and two cotton cultivars
(Delta Pine 5414 and Pima S-7) during progressive drought.
MS = Mississippi accession, NM = New Mexico accession,
DP = Delta Pine 5414, Pima = Pima S-7.

Fig. 7 Quantum yield (FPSII) vs. relative water content (RWC) of
the two Anoda cristata accessions (Mississippi and New Mexico)
two cotton cultivars (Delta Pine 5414 and Pima S-7) with
smoothing spline ﬁts at k = 0.01 during progressive drought.
MS = Mississippi accession, r2 = 0.56; NM = New Mexico
accession, r2 = 0.75; DP = Delta Pine 5414, r2 = 0.65;
Pima = Pima S-7, r2 = 0.58.

Thus, greater pigment content, especially carotenoids
including b-carotene and lutein, may be adaptive for
avoiding photoinhibition in that high-light environment.
Lutein, with its structural similarity to antheraxanthin,
an intermediate of heat dissipating xanthophyll cycle,
also has been found to be eﬀective in de-excitation of
singlet chlorophyll (a component of qE, energy-dependent quenching of excitation energy) under high light
(Pogson et al., 1998).
Although GR activities were greater in A. cristata
than cotton, the diﬀerence between NM-SA and either
cotton cultivar was insigniﬁcant in this study. However,
NM-SA had signiﬁcantly greater GR activity than either
Delta Pine 5414 or Pima S-7 cotton in a previous study
(Ratnayaka et al., 2003). Higher constitutive levels of
GR activities suggest that A. cristata maintains higher
concentration and rate of metabolism of reduced glutathione, GSH. GSH is a crucial defence metabolite with
multiple roles, such as an antioxidant, an intermediate of
ascorbate-glutathione cycle and an integral component
of the cellular redox balance (Kunert & Foyer, 1993).
GSH is also a coenzyme in reactions including DNA
synthesis and a signal molecule in gene expression
needed for enhanced and sustained defence against
environmental stress (Foyer & Halliwell, 1976), another
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Fig. 8 Xanthophyll cycle conversion state
[(Z + A) ⁄ (V + A + Z)] vs. relative water content (RWC) of the
two Anoda cristata accessions (Mississippi and New Mexico) two
cotton cultivars (Delta Pine 5414 and Pima S-7) with smoothing
spline ﬁts at k = 0.01 during progressive drought.
MS = Mississippi accession, r2 = 0.56; NM = New Mexico
accession, r2 = 0.33; DP = Delta Pine 5414, r2 = 0.47;
Pima = Pima S-7, r2 = 0.36.

adaptation to high light above the crop canopy.
Furthermore, GSH is involved in detoxiﬁcation of many
herbicides and other xenobiotics (Rennenberg, 1982;
Alscher, 1989), which may provide A. cristata with an
adaptive advantage in agroecosystems where herbicide
use is common.
Responses to progressive drought

The more gradual drop in gs in A. cristata, particularly
during the relatively more severe phase of drought
(RWC < 70%), indicated prolonged stomatal activity
compared with cotton. Thus, A. cristata maintained the
water potential gradient needed to continually uptake
and transport water to leaf mesophyll. More stable and
higher FW ⁄ DW, indicative of more eﬀective mesophyll
water-holding capacity in A. cristata compared with
cotton over a wide range of plant water status, also
suggests the presence of such a mechanism. Maintenance
of leaf water potential during drought, close to
unstressed levels, was found to be competitive in the
C4 weed, Amaranthus retroﬂexus L., by likely causing it
to be taller than the crop (Valerio et al., 2011), similar to
A. cristata in cotton ﬁelds.

Fig. 9 Concentration of a-tocopherol vs. relative water content
(RWC) of the two Anoda cristata accessions (Mississippi and New
Mexico) two cotton cultivars (Delta Pine 5414 and Pima S-7) with
smoothing spline ﬁts at k = 0.01 during progressive drought.
MS = Mississippi accession, r2 = 0.04; NM = New Mexico
accession, r2 = 0.16; DP = Delta Pine 5414, r2 = 0.50;
Pima = Pima S-7, r2 = 0.40.

Continued stomatal activity in A. cristata also caused
greater Ci and lower leaf temperature. However, the
discrepancy between patterns of decline in FPSII and Pnet
in A. cristata suggests that alternative sinks of reducing
power, such as photorespiration, also operate under
stress to minimise photoinhibition. Thus, the more
prolonged Pnet in A. cristata during the severe phase of
drought probably occurred under a controlled rate of
photorespiration, as well. However, this relatively longer
carbon gain in A. cristata probably explains the lower
percentage reduction in biomass, compared with cotton,
during drought. Furthermore, high and variable values
for Ci in A. cristata during the severe phase of drought
suggest a possible heterogeneous stomatal closure
(Flexas & Medrano, 2002). Mott and Peak (2007)
suggested that stomatal patchiness, groups of stomata
operating as locally connected functional units rather
than acting individually, may be adaptive for optimising
gas exchange under speciﬁc environmental conditions.
The eﬀects of drought on the xanthophyll cycle
conversion state suggest that violaxanthin deepoxidation-dependent qE in A. cristata occurs during a more
severe phase of drought compared with cotton. Thus,
thermal energy dissipation through qE appears to be an
important mechanism of prolonging carbon gain in
A. cristata, and therefore stomatal activity, only under
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severe drought stress. Havaux et al. (2000) showed that
a-tocopherol level increases when xanthophyll cycledependent energy dissipation is unavailable (mutants).
a-Tocopherol is an antioxidant that prevents the formation of 1O2 and lipid peroxy radicals preventing lipid
peroxidation and consequent damage to chloroplast
membranes (Fryer, 1992; Pogson et al., 1996). Increases
in a-tocopherol levels in cotton but nearly unchanged
levels in A. cristata suggest that energy dissipation
through qE, rather than a-tocopherol, is important in
A. cristata during severe drought. Furthermore, A. cristata maintained its much higher levels of carotenoids
and chlorophylls than cotton through the progressive
drought (data not presented). Larger pigment pools in
A. cristata, compared with cotton, also may help sustain
the photosystem structure without damage and prolong
assimilation during severe stress.
Furthermore, although APX activity, but not CAT
or GR, increased in Delta Pine 5114, Pima S-7 and NMSA under a temporary mild drought (Ratnayaka et al.,
2003), no changes in these enzymes were found in this
study. The antioxidant enzyme response to water deﬁcit
depends on age, severity of stress, degree of ABA
biosynthesis, species and cultivar (Tanaka et al., 1990;
Mittler & Zilinskas, 1992, 1994; Iturbe-Ormaetxe et al.,
1998; Bellaire et al., 2000; Jiang & Zhang, 2001).
Oxidative stress tolerance only partly relies on enzyme
activity and many factors other than the enzyme activity
itself can inﬂuence substrate availability (Blokhina et al.,
2003). Iturbe-Ormaetxe et al. (1998) and Jiang and
Huang (2001) reported that decreased enzyme activities
under prolonged drought were accompanied by reduced
pigment levels, which was also absent in this study.
Furthermore, Tausz et al. (2004) reported that energy
dissipation mechanisms, such as xanthophyll cycle
conversion, decrease the oxidative load on the ascorbate-glutathione cycle, regulated by enzymes such as
APX and GR.

Conclusions
Diﬀerent stomatal and assimilatory activities were found
to protect photosystems and sustain carbon gain,
conferring drought stress tolerance in A. cristata, compared with cotton. Although concentrations of antenna
pigments were greater in A. cristata, photosystems do
not seem to be adapted for maximising the generation of
reducing power for high assimilation rate, but for
maintaining a moderate rate of electron ﬂow and delay
photoinhibition during stress. Continuous stomatal
activity in A. cristata, probably helped by patchy
closure, appears to maintain carbon and hydraulic
ﬂuxes and low leaf temperature that prolong photosynthesis during severe drought. Antioxidative defence by

greater carotenoid concentration may help A. cristata
survive stress with lower a-tocopherol levels compared
with cotton. Our ﬁndings show that A. cristata may
continue to extract soil moisture in a severe drought
beyond the tolerance limits of cotton. Anoda cristata
population threshold counts should therefore be determined depending on the severity of drought expected in
the cotton cropping system. High pigment content and
low leaf temperature appear promising criteria of cotton
cultivar selection for improved weed-competitiveness
against A. cristata, especially during drought. Furthermore, investigations on whether stress responses
observed in A. cristata in this research represent common adaptations to drought stress in other weeds may
also be useful in cotton-weed management.
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