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Low night temperature-induced changes in photosynthesis
and rubber accumulation in guayule (Parthenium argentatum Gray)
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Abstract

Three-year-old plants of Parthenium argentatum Gray cv. 11591 grown under natural photoperiod were exposed for 60
d to low night temperature (LNT) of 15 °C (daily from 18:00 to 06:00). Effects of the treatment on net photosynthetic
rates (Py), rubber accumulation, and associated biochemical traits were examined. LNT initially reduced Py with a
parallel decline in the activities of ribulose-1,5-bisphosphate carboxylase, fructose bisphosphatase, and sucrose
phosphate synthase for 20-30 d. Later, LNT enhanced Py and the activities of photosynthetic enzymes. Associated with
high Py in LNT-treated guayule plants was a two-fold increase in rubber content and rubber transferase activity per unit
of protein. The initial decrease in Py in LNT-treated guayule was associated with low content of chlorophyll (a+5), large
starch accumulation, and higher ratio of glucose-6-phosphate/fructose-6-phosphate. Photosystem 2 activity in isolated
chloroplasts was initially decreased, but increased after 30 d. There was a significant increase in the leaf soluble protein
content in LNT-treated plants. Hence the photosynthetic performance of plants grown at 15 °C night temperature for 50
d was superior to those grown under natural photoperiod in all parameters studied. The high photosynthetic capacity
may contribute to superior rubber yields under LNT.
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Introduction

Low temperature is a major factor limiting the geo-
graphical locations suitable for crop growth and periodi-
cally accounts for significant losses in plant production.
Short term exposure of plants to low temperature usually
inhibits Py due to accumulation of soluble saccharides
and reduced orthophosphate cycling from the cytosol
back to the chloroplast and therefore limits ATP synthesis
needed for RuBP regeneration (Ebrahim er al. 1998,
Hurry ef al. 1998). Irradiation of barley and cucumber
leaves exposed to chilling temperature results in
photoinhibition of photosystem 1 (Tjus et al. 1999).
Long-term exposure of evergreen woody perennials such
as Scots pine to low growth temperature results in a
depression of radiant energy-saturated Py (Oquist and
Martin 1986). In contrast, long term acclimation (as in
Nerium oleander and Eucalyptus sp.) and net growth and
development at low temperature, results not only in the
accumulation of soluble saccharides, but also in an
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increase in Py (Ferrar ef al. 1989, Holaday et al. 1992).
The photosynthetic capacity of herbaceous annuals
recovers following growth at low temperature through
increases in the activities of several photosynthetic
enzymes (Hurry ef al. 1995). During moderate chilling of
cotton, enhanced activities of enzymes related to starch
and other soluble saccharides were observed (Perera ef al.
1995). In addition to its effects on Py, low temperature
also results in the expression of dehydrins that help to
protect the plant from dehydration (Bravo ef al. 1999).
Thus the existing literature provides evidence for
significant positive and negative changes associated with
primary metabolism in several plants after low growth
temperature treatment. However, the effects of low
temperature on secondary metabolic pathways and the
accumulation of various secondary metabolites in higher
plants are poorly understood.
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About 2 500 plant species produce polymeric natural
rubber (cis-1,4-polyisoprene) from isoprenoid monomers
(CsHg) derived from isopentenyl pyrophosphate
(Backhaus 1998). All natural rubber currently used is
obtained from a single tropical species, Hevea
brasiliensis Muell. Arg. Nonetheless, a woody shrub
guayule (Parthenium argentatum Gray) is currently being
exploited as a domestic source of natural rubber. One
major factor delaying the economical commercialisation
of guayule is its low rubber yield (Estilai and Waines
1987). Hence the primary emphasis on the guayule
breeding programmes has been to increase the rubber
content and quality. Cultivation of guayule in arid
climates is under active development. Unlike the lati-
ciferous species, guayule produces rubber in the
parenchyma cells of root and stem. Rubber formation in

Materials and methods

Biochemicals: Radiochemical (1-'“C) isopentenyl
pyrophosphate (IPP, specific activity 2035 GBq mol™)
was obtained from Amersham Pharmacia Biotech
International (UK) and NaH'‘CO; (specific activity
1942.5 GBq mol™) was obtained from Bhabha Atomic
Research Center, Mumbai, India. All other biochemicals
were purchased from Sigma (St Louis, MO, USA).

Plants of guayule (Parthenium argentatum Gray) cv.
11591 were grown in 30-cm pots under natural
photoperiod. Plants received full solar irradiance for most
of the day in a 12 h photoperiod. The maximum
irradiance (PAR, 400-700 nm) available at the top of the
canopy was 1800 to 2000 pmol m? s’ on a clear day.
Daily maximum and minimum air temperatures were 29-
33 °C and 20-22 °C, respectively. The plants were
watered regularly and fertilised weekly with nutrient
solution of [mM] 14 N, 6 P, and 12 K. The plants were
subjected to LNT treatment of 15 °C by transferring the
pots to the walk-in growth chamber (Lab Line, 104 A, IL,
USA). The LNT treatment was given for 12 h daily (each
night from 18:00 to 06:00) for 60 nights. During daytime,
the plants were grown outside under natural photoperiod
as described above.

Py was measured according to Ramachandra Reddy and
Nandan Kumar (1996). Photosynthetic rates were
monitored after pre-irradiation of the leaves for 40 min.
Irradiation was by halide flood lamps behind a water
screen. Py measurement for individual leaves was
repeated three to four times on different individual
shoots.

Rubber content: The stem portions of control and LNT-
treated guayule were cut into pieces and dried in an oven
at 64 °C until constant mass was obtained. The dried
tissue was ground in a mill through 40-mesh screen, the
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guayule is cyclic (Bonner 1943). Most rubber is produced
during the cool temperatures of fall and winter as the
plant is exposed to LNT which may increase the
expression of genes coding for enzymes involved in
rubber synthesis (Bonner 1975). Although low tempera-
ture-mediated rubber formation in guayule was due to
increased activity of rubber transferase (Goss ef al. 1984),
the temperature dependence of the overall basic meta-
bolic processes in guayule is not well understood. We
have previously reported the role of photosynthetic and
photorespiratory metabolites in providing precursors for
rubber biosynthesis (Ramachandra Reddy and Das 1987,
Ramachandra Reddy ef al. 1987). The main objective of
the present study was to characterise the changes in the
photosynthetic carbon metabolism, rubber formation, and
accumulation patterns in guayule under LNT treatments.

powder was thoroughly mixed, and samples were placed
in cellulose extraction thimbles (Whatman) and extracted
with acetone for 16 h in a Soxhlet apparatus to remove
resins. The extraction thimbles were then dried and
further extracted for 16 h in the Soxhlet apparatus.
Hexane extracts containing the dissolved rubber were
made up to 25 cm’ in a volumetric flask. A 2-cm’ aliquot
was taken into a cuvette and 6 cm’ of acidified ethanol
was added as a precipitating agent. The cuvettes were
agitated and allowed to stand for 20 min. The per cent
transmittances of the samples were measured at 750 nm
(Naqvi et al. 1984). Transmittances were compared with
a standard curve prepared with pure natural rubber.

Isolation of chloroplasts and estimation of photo-
system activities: Freshly harvested leaves were
irradiated for 15 min. The leaves were cut into strips and
homogenised in a semi-frozen grinding medium which
consisted of 0.33 M sorbitol, 10 mM Na,P,O,, 5 mM
MgCl,, 1 % polyvinyl pyrrolidone, 0.5 mM dithiothreitol
(DTT), and 2 mM sodium arsenate. The crude extract was
squeczed through two layers of cheesecloth and the
filtrate centrifuged at 250xg for 5 min to remove cell
debris. The supernatant was then centrifuged at 2 500xg
for 10 min. The pellet was suspended in a cold medium
consisting of 0.33 M sorbitol, 2 mM EDTA, 1 mM
MgCl,, 1 mM MnClL, and 50 mM HEPES (pH 7.6). A
portion of this chloroplast preparation was layered on to a
sucrose gradient comprising 1.5, 1.0, and 0.75 M sucrose
in 10 mM Tricine-KOH (pH 7.6) and centrifuged at
2 500xg for 15 min. The chloroplasts at the interface
between 1.0 and 1.5 M sucrose were diluted with a
suspension medium consisting of 0.33 M sorbitol, 50 mM
HEPES (pH 7.6), 2 mM EDTA, 1 mM MgCl,, and 1 mM
MnCl,. This suspension was centrifuged at 5000xg for 5
min to yield a pellet of intact purified chloroplasts. The
intactness of the purified chloroplasts used in the present



study was 80 to 85 % according to Lilley et al. (1975).
The photochemical activities in isolated chloroplasts were
determined spectrophotometrically as described by
Raghavendra and Das (1976).

Enzyme activities: All extractions were performed at 4
°C. The leaf blades (10 g) were homogenised with 50 cm’
of 100 mM Tris-HCI buffer (pH 7.8) containing 5 mM
DTT, 10 mM MgCl,, 1 mM EDTA, 5 mM magnesium
acetate, and 1.5 % PVP-40. The homogenate was
squeezed through four layers of cheesecloth and then
centrifuged at 10 000xg for 10 min. The solution was
filtered off to remove the cellulose and washed thrice
with the extraction medium. The protein was precipitated
with 75 % (m/v) ammonium sulphate and spun at
30 000xg for 30 min. The precipitate was dissolved in 50
mM Tris-HC1 buffer (pH 7.8) containing ! mM DTT and
2 mM EDTA. The preparation was applied to a column of
Sephadex G-25, equilibrated with 100 mM Tris-HC1 (pH
8.0) which contained 1 mM DTT, 10 mM NaHCO,, 20
mM MgCl,, and 0.2 mM NaDPH. The eluates were
collected at room temperature.

RuBPC activities were assayed at 30 °C by the
incorporation of '“CO, into acid stable products (Lorimer
et al. 1977). The assay mixture contained (3 cm’): 100
mM Tris-HCl buffer (pH 8.0), 5 mM DTT, 20 mM
MgCl,, 10 mM NaH'‘CO; (7.4 GBq mol"'), 0.5 mM
RuBP, and the enzyme extract. Reaction was started by
the addition of 20 mm® of the activated enzyme and
stopped after 60 s by adding 0.3 cm® of 2 M acetic acid.
The radioactivity was measured in a Beckman LS 1800
liquid scintillation counter. Fructose-1,6-bisphosphatase
was assayed according to Zimmerman et al. (1978). The
reaction mixture contained 50 mM Tris-HCI (pH 8.0), 10
mM MgCl,, S mM DTT, 1 mM EDTA, 0.5 mM NADP, 1
mM fructose-1,6-bisphosphate, 10 units each of glucose
phosphate isomnerase and glucose-6-phosphate dehydro-
genase, and the enzyme extract. Sucrose phosphate
synthase was assayed at 30 °C by measuring the
production of UDP (Huber 1981). The reaction mixture
(2.0 c®) contained 50 mM HEPES-NaOH (pH 7.5), 8
mM UDPG, 8 mM fructose-6-P, 10 mM MgCl, and the
enzyme. By adding 0.1 cin® of 1 M NaOH the reaction
was terminated. The tubes were kept in boiling water bath
for 10 min to remove the non-reacted F6P. After cooling,
0.5 cm’® of 0.1 % (v/v) resorcinol in 95 % ethyl alcohol
and 1.0 cin’® of 30 % HCI were added. The tubes were
incubated at 80 °C for 10 min. The reaction tubes were
cooled, and the absorbance at 520 nin was recorded.
Superoxide dismutase activity was detennined
spectrophotometrically at 560 nm according to Dhindsa
and Matowe (1981). The reaction mixture (1 cm’)
contained 50 mM phosphate buffer (pH 7.8), 0.1 mM
EDTA, 13 mM methionine, 75 uM nitroblue tetrazolium
(NTB), 2 uM riboflavin, and 100 mm’ of the enzyme
extract. Chlorophyll (Chl) content in the leaf extracts was

LOW-NIGHT TEMPERATURE-INDUCED CHANGES

determined according to Arnon (1949).

Estimation of chloroplast metabolites: = Starch and
sucrose contents in the leaf tissues were estimated
according to Ramachandra Reddy et al. (1996). For
starch content, eight leaf discs (l1-cm diameter) were
selected at random from the leaves and extracted 4 to 5
times with 80 % ethanol for 15 min at 80 °C. The extracts
were combined and stored for estimating sucrose. The
ethanol-extracted leaf discs were suspended in 1 cm® of
0.2 M KOH and boiled for 0.5 h. The tubes were cooled
to room temperature, 0.2 cm® of 1 M acetic acid was
added to each tube, and reacted for 0.5 h at 55 °C to
hydrolyse starch. The reaction was stopped by treating for
60 s at 100 °C. The contents were cooled and brought to a
known volume (6 cm®). A 0.2-cm’ aliquot of the extract
was added to 0.3 cm’ of distilled water and 1 cm® of
glucose-enzyme reagent (Sigma 115). The tubes were
incubated at 37 °C for 20 min and the absorbance was
read at 492 nm. For the estimation of sucrose content, the
ethanol extracts, previously described, were used. The
extract (0.2 cm’) was added to 0.3 cm’ of glucose reagent
and incubated for 0.3 h at 37 °C. Invertase (75 mm’,
Sigma I 4753) was added and incubated for 0.5 h at 37
°C. The absorbance was read at 492 nm. This reading is
proportional to the original plus glucose liberated via
invertase action on sucrose. To determine the sucrose
content, the assays were run simultaneously (lacking
invertase) for glucose content. Sucrose concentration was
determined by comparing the difference in the
absorbance of the two samples with that obtained from
the sucrose standards. The contents of G6P and F6P were
estimated as described by Leegood (1993).

Extraction and assay of rubber transferase: Samples
of stem portions were collected from guayule plants at
each experimental condition and separately extracted for
the enzyme. The samples were rinsed with distilled water
and homogenised in a pre-cooled Waring blendor with
100 mM Tris-HCI buffer (pH 7.5) consisting of 2 mM
MnSQ, and 0.1 mM GSH. The homogenate was filtered
through eight layers of cheesecloth. Then it was
centrifuged at 30000xg for 45 min at 2 °C. The
supernatant was fractionated with solid ammonium
sulphate. The protein that precipitated between 40 and
60 % saturation was collected by centrifuging at
25 000xg. The protein was dissolved in a small volume
of extraction buffer and desalted by passing through a
column of Sephadex G-25 pre-equilibrated with the
extraction buffer. The fractions were pooled and assayed
for rubber transferase.

Rubber transferase was assayed according to Cornish
and Backhaus (1990) with certain modifications. The
reaction mixture (1 cm®) contained 50 mM Tris-HCI
buffer (pH 7.5), 0.3 mM MgSO,, 3 mM GSH, 5 mM
DTT, 25 uM FPP, 86.5 uM 1-"“C-IPP (40.7 GBq mol™),
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and the enzyme protein (100 pg). Incubations for 1 h at
30 °C were terminated by the addition of 0.5 cm® of
0.2 M EDTA. The contents in the reaction tubes were
dried in a stream of air at 70 °C. The rubber films were
saponified and coagulated as described by Madhavan and
Benedict (1984). The rubber coagulate was dissolved in 2

Results

Under LNT, the guayule leaves showed a decline in Py in
the initial stages and later a gradual increase (Fig. 1A4).
Plant exposed to 60 nights of LNT exhibited higher Py
(1.00 mg m™ 5™ than the control plants (0.86 mg m?s™).
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Fig. 1. Effect of low night temperature (15 °C) treatment on net
photosynthetic rate Py, rubber accumulation (A4), and
photosystem 2 and 1 activities in isolated and purified
chioroplasts (B), activities of RuBPC, fructose bisphosphatase
(FBPase), and sucrose phosphate synthase (SPsynthase) (C),
and the contents of starch and sucrose in guayule leaves. Each
point is an average of at least four replications + SE.

Guayule plants exposed to LNT also possessed
significantly high rubber content after 60 nights (14 %
DM) compared to that in control plants (8 % DM, Fig.
14). LNT treatment caused an initial decrease in the
activity of photosystem (PS) 2 and later increase while
the PS1 activity in isolated chloroplasts was unaffected
by LNT treatment (Fig. 1B). Marked changes in the
activities of key photosynthetic enzymes were noticed in
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cm’ of 1 % trichloroacetic acid in toluene, scintillant was
added to give a total volume of 6 cm®, and the solutions
were counted for radioactivity in a scintillation counter.
Protein concentrations were determined by the method of
Bradford (1976) using bovine serum albumin as the
standard protein.

leaf extracts of LNT plants (Fig. 1C). The activities of
RuBPC, fructose-1,6-bisphosphatase, and sucrose phos-
phate synthase declined up to 20 d of LNT treatment and
later rapidly increased up to 50 d of treatment. The
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Fig. 2. Effect of low night temperature (15 °C) treatment on
chlorophyll (a+&) content (A4), soluble protein content (B),
activity of rubber transferase (C), and the activity of superoxide
dismutase (D) in guayule Jeaves. Each point is an average of at
least four replications + SE.

activities of these three enzymes during the LNT treat-
ment were positively correlated with leaf Py (Fig. 14,0).
LNT initially caused a substantial increase in the foliar
starch content in guayule while the content of sucrose
showed an initial decline followed by progressive
increase from 20 d of treatment (Fig. 1D). Similarly the
ratios of GO6P/F6P were closely associated with the



Table 1. Foliar contents of glucose-6-phosphate (G6P) and
fructose-6-phosphate (F6P) [mol kg'(Chl)] in guayule as
affected by low night temperature treatment at 15 °C (LNT).
The metabolites were assayed in the leaf extracts at 11:00. Each
value is an average of at least four replications.

Days of LNT treatment G6P F6P  GO6P/F6P
0 201 115 L.75

10 262 105 249

20 305 80 249

30 301 72 418

40 255 92 277

50 206 130 1.58

60 179 132 136

Discussion

The exposure of plants to low temperature induces many
changes in physiological and biochemical parameters.
Several studies investigated the relationship between low
temperature treatment and enzyme activities (Thomashow
1999). Guayule produces more rubber during winter and
LNT favours more rubber formation (Madhavan et al.
1989). However, the mechanism of stimulation of rubber
formation in guayule by LNT is still -elusive.
Photosynthetic metabolites serve as good precursors for
certain secondary metabolites including rubber in higher
plants (Ramachandra Reddy and Das 1987, 1995, Heintze
ef al. 1994). However, the relationship of photosynthetic
capacity in guayule and rubber formation has not been
documented. In this study, we provide an evidence that
photosynthetic carbon assimilation is crucial for rubber
formation in guayule.

Rubber and similar metabolites use acetyl Co-A as the
initial substrate and ATP and NADPH as cofactors
(Benedict 1983, Ramachandra Reddy and Das 1987). The
availability of these three metabolites would provide a
mechanism for regulating the secondary metabolite
production superimposed upon controls at the enzyme
and cellular level. Acetyl CoA, ATP, and NADPH are
ubiquitous cellular metabolites derived either from
stroma  saccharides or arising directlty from
photosynthesis (Heintze ef al. 1994, Ramachandra Reddy
and Das 1995). We thus expect a close correlation
between Py and production of rubber in guayule. In a
wide range of plant species, experimental manipulations
that enhanced Py enhanced the pace of secondary
metabolite production (Gershenzon and Croteau 1993).
Photosynthetically fixed carbon is actively incorporated
into isoprenoids (Goodwin 1965, Heintze et al. 1994).
Although it was presumed that the precursor is produced
in the leaf and is translocated to the stem and root for
polymerisation (Benedict 1983, Gilliland ef al. 1985),
there exists some ambiguity about the precursor used for
rubber production in guayule. Therefore, the role of
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activity of sucrose phosphate synthase and sucrose
formation during LNT treatment (Table 1). LNT
treatment reduced Chl content up to 40 d but later the
leaves accumulated more Chl (Fig. 24). Conversely, total
leaf soluble protein content showed a progressive
increase with increased time of LNT treatment (Fig. 2B).
LNT significantly enhanced the activity of rubber
transferase in guayule stem extracts. The enzyme extracts
from 60-d-treated guayule plants showed approximately
two-fold increase in the activity which were well
correlated with the rubber accumulation under LNT
treatment (Fig. 14, 2C). The extractable activity of
superoxide dismutase measured in leaves on Chl basis
increased significantly with LNT treatment (Fig. 2D).

photosynthetically fixed carbon and the availability of
photosynthates is very significant for regulating rubber
formation and accumulation in guayule. We found that
LNT treatment resulted in a relative increase in Py after
an apparent acclimation of about 20 d. Py in LNT-treated
plants was strongly correlated with the accumulation of
rubber. LNT strongly affected the photosynthate content
as indicated by changes in the ratio of G6P/F6P. After
acclimation of 20 d to LNT, the photosynthetic enzyme
activities were significantty high in leaf extracts
indicating the increased photosynthetic capacity in
guayule leaves. Increased contents of sucrose and other
saccharides reflect the increased capacity for photo-
synthesis in guayule that might lead to increased rubber
biosynthesis utilising the photosynthetic intermediates as
potential precursors. The regulation and activities of
fructose bisphosphatase and sucrose phosphate synthase
are more important in determining the carbon flux
through the path of sucrose synthesis in guayule.
However, increased starch accumulation in the initial
stages of LNT treatment would have resulted in lower
activities of PS2 and associated reduction in
photosynthesis. We also presume that increased activities
of sucrose phosphate synthase after acclimation could
trigger more sucrose synthesis, which might provide
more carbon skeleton for rubber formation under such
favourable conditions.

The initial decline in Py after LNT treatment might be
due to low fructose bisphosphatase and sucrose phosphate
synthase activities and also to changes in photochemistry
of chloroplasts associated with high starch content. Qur
results, for the first time, show a positive correlation
between increased Py and rubber formation in guayule
upon LNT treatment. We favour the view that good
correlation results from photosynthesis providing more
precursors necessary for rubber formation in guayule.
The changes in photosynthetic activity in guayule leaves
at LNT were correlated well with the activities of
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RuBPC, fructose bisphosphatase, and sucrose phosphate
synthase implying that LNT increased their activation
states. We presume that increased sucrose synthesis after
acclimation to LNT treatment reflects the increased
photosynthetic capacity. Py in guayule acclimated to
LNT for 60 d was much higher than in control plants
indicating that guayule plants acclimated to LNT have
high intrinsic capacity for sucrose synthesis. In this study,
LNT-treated guayule leaves showed more than twice as
much activity of superoxide dismutase as in control
plants that evidence that guayule leaves have a potential
antioxidant system to protect against lJow temperature-
induced oxidative damage (Doulis et al. 1997). The
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