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Abstract. Plukenetia volubilis Linneo, a tropical recurrent woody oilseed plant native to
South America, was successfully introduced in China. A field experiment was conducted
to determine the effect of the dry-season foliar sprays once every 2 weeks with 50 mM

water or five different plant growth regulators (PGRs) viz., gibberellic acid (GA3),
kinetin (KIN), indole-3-acetic acid (IAA), abscisic acid (ABA), and salicylic acid (SA) on
the growth and yield of P. volubilis plants in Xishuangbanna, southwest China. Results
showed that PGRs affected the leaf stomatal conductance (gS) and water-use efficiency
(WUEi), rather than the net photosynthetic rate (PN). The phenological development of P.
volubilis plants, including the time of flowering and maturity, and the dynamic pattern of
fruit ripening, was not altered by PGR treatments. ABA and SA resulted in highest fruit
set, seed oil content, and total fruit or seed oil yield, whereas GA3, IAA, and KIN were
effective in increasing seed size. The nonstructural carbohydrates (NSC) are related to
subsequent abscission or retention of the developing fruit, which was indicated by the
positive relationship between carbohydrate concentration and fruit set across PGR
treatments. The positive influences of PGRs on the total fruit yield (increased 4.3% to
15.2%) and total seed oil yield (increased 4.9% to 24.9%) per unit area throughout
a growing season were found when compared with the control, depending to a great
extent on the balance between vegetative and reproductive growth during the re-
productive stage. This study suggests that PGRs, especially for ABA and SA, can become
a valuable tool for promoting the seed oil yield of P. volubilis plants while maintaining
high seed quality in the field.

PGR (s) are employed in agriculture and
horticulture to obtain specific advantages,
such as decreased susceptibility toward biotic
and abiotic stress, improved morphological
structure, facilitation of harvesting, quantita-
tive and qualitative increases in yield, and
modification of plant constituents (Rademacher,
2015; Tantasawat et al., 2015). Most studies
on the participation of these compounds in

apical meristems have been conducted with
the five classical groups (i.e., auxins, cytoki-
nins, gibberellins, ABA, and ethylene). From
the other substances, which share some char-
acteristics with the classical hormones, have
also been included (i.e., SA and jasmonates).
PGRs can improve the physiological effi-
ciency, including photosynthetic ability, en-
hance the partition of accumulates from source
and sink, and reduce vegetative growth and
improve yield of the field crops (Zhang et al.,
2009). However, effect of PGRs on yield
and plant development varied from species
to species (Rademacher, 2015). A number
of PGRs can be powerful tools for improv-
ing the growth and yield of oilseed crops as
they can in some way modify plant devel-
opment (Abdelgadir et al., 2010; Aljuburi
et al., 2000; Ghosh et al., 1991). It was also
reported that although PGR treatments altered
the seed demand for resources in sesame, they

failed to improve productivity (Day, 2000).
The use of PGRs was not recommended for
Macadamia, as PGR treatments did not affect
the final number of fruits or kernel weights
(Trueman, 2010).

Plukenetia volubilis, a perennial woody
vine native to South America, is a promising
new oilseed crop species belonging to the
family Euphorbiaceae. As a fast-growth spe-
cies, P. volubilis plants begin flowering
�5 months after planting and produce seed
with high oil content (Cai, 2011). The seed oil is
one of the richest plant sources of unsaturated
fatty acids, surpassing the characteristics of
the oils used in the worldwide human con-
sumption (Cai et al., 2011). P. volubilis plants
grow continuously in tropical regions, and,
therefore, flower and fruit almost continu-
ously throughout the year. The fruits are
capsules (�4–7 cm in diameter) consisting
of four to seven pods, with one seed per pod.
Although the composition and properties
of P. volubilis seeds are well known, it is
important to increase the fruit or seed yield
and oil content for its oil production. In our
previous research, the processes of seed oil
quantity and quality formation of P. volubilis
plants are highly variable and depend on
environmental conditions and suitable agri-
cultural management practices (Cai, 2011;
Cai et al., 2012; Jiao et al., 2012; Yang et al.,
2014). One of the potential approaches to
improve agronomic productivity is to manip-
ulate the physiology of plants by application
of PGRs as observed in some annual and
perennial oilseed crops (Abdelgadir et al.,
2010; Day, 2000; Ghosh et al., 1991; Prat
et al., 2008). However, to date the regulation
mechanism of PGRs of P. volubilis is still
unknown. Therefore, the field experiments
were conducted to investigate the effects of
PGRs on the plant physiology, growth, and
yield of P. volubilis plants during a growing
season.

Materials and Methods

Experimental site, plant material, and
experimental treatments. Seeds of P. volubi-
lis were sown in a nursery in Feb. 2011.
When the seedlings were�20 cm tall, in Apr.
2011, uniformly sized seedlings were se-
lected and cultivated at open sites at the
Xishuangbanna Tropical Botanical Garden
of the Chinese Academy of Sciences (lat.
21�56#N, long. 101�15#E; 560 m above sea
level) under rainfed condition. The soil was
a red brown type and the characteristics of the
top (0–20 cm) layer of soil were pH 5.42,
organic carbon 5.65% (w/v), total nitrogen
0.34 g·kg–1, available N 46.0 mg·kg–1, avail-
able P 14.1 mg·kg–1, and available K 22.0
mg·kg–1. The climate at Xishuangbanna is
dominated by the southwest monsoon with
two distinct seasons (a wet season from May
to October, and a dry season from November
to April). The average annual temperature is
22.9 �C and the mean annual precipitation is
1500 mm, of which �85% occurs in the wet
season. The experiment was carried out using
2-year-old P. volubilis plants, with 2 m · 2 m
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spacing. Because P. volubilis is a liana spe-
cies, all plants were supported to a height of
1.6 m using steel wires.

The field experimental design took the
form of randomized complete blocks in 2 m ·
10 m sized plots with three replicates for
each PGR treatment. Fertilization rates were
assigned to the plots and consisted of 150
kg·ha–1 of a 1:1:1 (w/w/w) mix of N–P–K
spread in �1.0-m-wide zone in June 2012
(Yang et al., 2014). The plants were sprayed
once every 2 weeks with 50 mM GA3, IAA
(Sigma, St. Louis, MO), KIN (N6-furfurylade-
nine), SA, ABA, or distilled water (control) at
the rate of 200 mL per plant, respectively,
from early Dec. 2012 to late Apr. 2013 (dry
season). The foliar foggy spray was done
with a hand sprayer that it covered the
entire plant to contact leaves and repro-
ductive meristems; spray tips are foggy.

Measurements. In Aug. 2012 and at the
end of Mar. 2013, net light-saturated PN and
gS were measured under light-saturating irra-
diance (photosynthetic photon flux density =
1800 mmol·m–1·s–1) and ambient CO2 con-
centration on recently matured, sun canopy
leaves, using a portable infrared gas analyzer
in open system mode (LI-6400XT; LI-COR,
Lincoln, NE). Intrinsic WUEi was calculated
as the ratio of PN to gS. Stem samples in each
treatment were collected and were dried at
70 �C and ground to a powder fine enough to
pass a 40-mesh screen. The dried stem tissue
was analyzed for NSC, defined as the sum of
starch and soluble sugar (glucose, fructose,
and sucrose), following the enzymatic digest
and ultraviolet spectrophotometry methods
modified from DuBois et al. (1956). The
latest fully expanded leaves were detached
and weighted immediately to record fresh
weight. Then the leaves were floated in
distilled water until they reached a constant
weight. Thereafter, leaf samples were dried
until constant weight at 70 �C in an oven.
The leaf relative water content (LRWC)
was determined as: LRWC (%) = [fresh
weight – dry weight (DW)]/(fully turgid
weight – DW). Specific leaf area (SLA; i.e.,
area of the leaf in cm2·g–1 DW) was also
calculated. At the end of Apr. 2013, stem
diameter at 5 cm above the soil was also
measured with a calliper to assess the plant
growth.

Mature fruit from all P. volubilis plants in
each plot were harvested seven times, by
hand, in each replicate subplot, throughout
the period of fruit ripening. The total DW of
fruit per plot was measured at each harvest.
Also at each harvest, subsamples of mature
fruit were peeled and the DW (size) of all
seeds per plot was recorded. Seed oil contents
were determined by the minispec mq-one
Seed Analyzer (Bruker Optik GmbH, Ger-
many); then the total seed oil yield (ha–1)
throughout the growing season was then
calculated by adding the values from each
harvest. A total of 40 female flowers with
their stigmata open were randomly tagged
each plot in late Dec. 2012 and Feb. 2013,
respectively; and formation of fruits was
determined within 3 weeks. The percentage

fruit set was calculated as the number of set
fruits divided by the number of female
flowers · 100.

Statistical analysis.All data are presented
as mean values ± SD. The leaf and growth
traits and fruit set percentage between the
different PGR treatments were analyzed by
one-way analysis of variances (ANOVAs)
test (Tukey’s test).We used two-wayANOVA
to compare seed traits and fruit yield between
PGR treatments, different sampling times
and their interactions. We then used least
significant difference contrasts to examine
whether each trait differed between PGR
treatments within and between the different
sampling times. Data were tested for nor-
mality and homogeneity of variance and,
when necessary, were log10-transformed be-
fore analysis. All statistical analyses were
conducted using SPSS version 13.0 (SPSS,
Chicago, IL).

Result and Discussion

Morphological, physiological, and growth
traits. Natural drought is a slow-onset and
prolonged phenomenon caused by a rainfall
deficit combined with other predisposing fac-
tors. Ranging from 88.6% to 91.2%, LRWCs
marginally differed between the different PGR
treatments (P = 0.068) at the end of the dry
season (Fig. 1A). The relatively high LRWC

indicate that the leaves of water-stressed P.
volubilis plants required only a small amount
of water to reach water saturation, allowing
the plants to withstand arid environments. In
general, leaves that develop under drought
conditions have lower SLA values than those
that develop under optimum water conditions
(Chaves et al., 2003). In our study, SLA did
not change significantly when plants were
subjected to 4 months of water deficit in the
dry season and did not differ between different
PGR treatments (Fig. 1B). SLA represents the
area through which water must diffuse to
leave. Therefore, a stable SLA is important
tomaintain leaf function and to conservewater
under drought conditions (Jiao et al., 2012).
The main mechanisms responsible for drought
resistance in plants are improved water uptake
and/or reduced water loss; the latter being
regulated by gaseous exchange through the
open of stomata on their leaves. Leaf gS
significantly differed between the different
PGR treatments, with the low values found
in KIN, ABA, and SA treatments and high
values found in GA3 and IAA treatments
(Fig. 1C). The opening and closing of stomata
is regulated by the integration of environmen-
tal signals and endogenous hormonal stimuli.
Among phytohormones, ABA is the best-
known stress hormone that closes the stomata
and regulates water status, although jasmonic
acid, brassinosteroids, cytokinins, IAA, or

Fig. 1. Leaf and plant growth traits (means ± SD, n = 3–5) of Plukenetia volubilis plants in the wet season
(WS) and treated with different plant growth regulators in the dry season. Different letters indicate
significant differences at P < 0.05. ABA = abscisic acid; CK = control (water); GA3 = gibberellic acid;
Gs = gas stomatal conductance; IAA = indole-3-acetic acid; KIN = kinetin; LRWC= leaf relative water
content; PN = the light-saturated photosynthetic rate; SA = salicylic acid; SLA = specific leaf area;
WUEi = intrinsic water-use efficiency.
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ethylene are also involved in the stomatal
response to stresses (Davies and Zhang,
1991). Generally, ABA and SA are positive
regulators of stomatal closure; cytokinins and
IAA in low physiological concentrations pro-
mote stomatal opening, whereas they are able
to inhibit this process in high concentrations
(Rademacher, 2015).

Compared with the wet season when
environmental conditions (water, tempera-
ture, and light) were close to optimal and
the leaves were in peak physiological condi-
tion (Cai et al., 2007), the net light-saturated
PN in P. volubilis plants during the dry season
was much lower, and the effect of PGRs on
PN was minor (Fig. 1D). The effects of
exogenous ABA on PN in response to drought
have produced various results, ranging from
increases (Rajasekaran and Blake, 1999) to
decreases (Li et al., 2004). Such variation in
results can be explained by the fact that the
ABA effects on stress tolerance may depend
on the extent and duration of the dehydration
as well as on the sensitivity of the particular
species to drought. The intrinsic WUEi was
improved by KIN, ABA, and SA treatments,
owing to the decreased gs (Fig. 1E). It was
also found that exogenous application of
SA enhanced the crop growth and WUEi in
sunflower under both limited and well-
watered conditions (Hussain et al., 2008).

PGRs we used affected plant growth (stem
diameter) with the lowest values found in
ABA and SA treatments (Fig. 1F), attrib-
uting to the influence in leaf areas, rather
than leaf PN. The effect of exogenous ABA
induced in the decrease in plant biomass
mainly by inhibiting leaf expansion (Agehara
and Leskovar, 2014; Li et al., 2004). In
addition, the ABA-induced reduction in
total leaf transpiration will prevent dehy-
dration of leaf tissues (i.e., high LWRC)
and enhance the chance for survival under
prolonged drought stress (Chaves et al.,

2003). This is especially important for
the large-scale cultivation of P. volubilis
plants in the dry-land agricultural farm be-
cause some plants died due to natural drought
(Z.Q. Cai, personal observation), althoughABA
application can improve the drought resis-
tance of P. volubilis seedlings by inducing
the antioxidant enzymes activities (Su et al.,
2015).

Plants produce, store, invest, and lose
carbon compounds. On a whole-plant basis,
the mobile NSC (largely starch and sugars)
indicate a plant’s actual carbon supply status

Fig. 2. Nonstructural carbohydrate (NSC) concen-
tration in stem of Plukenetia volubilis plants in
the wet season (WS) and treated with different
plant growth regulators in the dry season. Mean
values with a different letter indicate significant
differences at P < 0.05.

Fig. 3. Time dynamics of the mature fruit yield per unit area, seed size, and seed oil content of Plukenetia
volubilis plants treated with different plant growth regulators (PGRs) in a growing season.Mean values
with different small and capital letters for each trait indicate significant differences among PGRs and
among sampling date at P < 0.05, respectively. *, **, ***Significant at P < 0.05, 0.01, or 0.001,
respectively.
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and reflect its capital for flushing and re-
production and its buffering capacity with
respect to replacement of lost tissue. Com-
pared with the wet season, the stem NSC
concentration in P. volubilis plants in the dry
season was much higher. PGR treatments
significantly affected the stem soluble sugar
and NSC concentration with the highest
values found in ABA treatment, but had less
effect on starch concentration at the end of
the dry season (Fig. 2). The negative trend
between NSC concentration and stem exten-
sion provided evidence that growth decline in
P. volubilis plants was dependent on some
factor, such as reductions in turgor-driven

cell expansion or constraints on phloem
transport, rather than local NSC storage. On
the other hand, this result supported the
hypothesis that NSC may be an active carbon
sink of P. volubilis plants, crucial to main-
taining hydraulic function in the dry season,
although a complete, whole-plant represen-
tation of organ samples across seasons is
crucial. Indeed, this hypothesis would ex-
plain why NSC pools were maintained before
tree growth, especially under drought condi-
tions (Bustan et al., 2011; Chapin et al.,
1990).

Plant reproductive traits. PGRs may play
important roles in controlling crop reproductive

development under drought conditions (Liu
et al., 2004). Floral initiation is affected by
the cycle of flush development, and time to
flowering and harvesting of perennial woody
plant (e.g., Coffea arabica) and some annual
plants can be manipulated by exogenous
applications of PGRs, GA3 in particular
(Matsumoto, 2006; Schuch and Fuchigami,
1992;Wilkie et al., 2008), although treatment
effects were dependent on the time of growth
regulator application. However, PGRs did
not affect the phenological development of
P. volubilis plants, including the initial time
of flowering and maturity, and the dynamic
pattern of fruit ripening (Fig. 3a). Fruits start
to ripe to a dark brown color in early January,
and the fruit ripening peak period occurred in
March and April (cf. Yang et al., 2014).

The exogenous ABA- and SA-induced
decreases in plant growth around the critical
seed-filling period also resulted in the lowest
fruit abortion among the different PGR treat-
ments during both early and middle of the dry
season (Fig. 4a and b). Carbohydrate avail-
ability could influence yield by adjusting fruit
number to the metabolite supply of the tree
through the premature abscission of flowers
and developing fruits. There is a positive
relationship between NSC concentrations
and fruit set of P. volubilis plants across the
different PGR treatments (r = 0.67, P =
0.044), which also found in grapevine (Lebon
et al., 2008) and Avocado (Alcaraz et al.,
2013). This is in line with the fact that the
NSC reserves, especially for soluble sugar,
accumulated at anthesis, are related to sub-
sequent abscission or retention of the devel-
oping fruit (Chapin et al., 1990). However, the
status of carbohydrates is not a yield determi-
nant of cacao (Groeneveld et al., 2010) and
intensively cultivated olive trees (Bustan et al.,
2011), although it may play a significant role
in their survival strategy.

Yield and yield components. It is well
documented that the fruit or seed numbers
and size were decisive factors for seed yield
of oilseed crops (Jiao et al., 2012; Ozer,
2003). There was significant PGRs · sam-
pling date interaction for the fruit yield, seed
size (mass per 1000 seeds) and seed oil
content, implying that the responsiveness to
PGRs differed among the sampling time
(Fig. 3A–C). The seeds matured in the middle
of the dry season had relatively large seed
size but had low oil content. It is likely that
increased abiotic stress during the seed-
filling period resulted in seeds with a reduced
oil content (Rotundo and Wesgate, 2009).
Contrary to our previous research that seed
size and seed oil content had a relatively high
and constant heritability in P. volubilis plants
in response to agricultural management prac-
tices, such as water, fertilization, and plant-
ing density (Jiao et al., 2012; Yang et al.,
2014), PGRs significantly affected seed size
(i.e., weight) and seed oil content, with the
large seed size being observed in GA3, KIN,
and IAA treatments, whereas high seed oil
content was found in ABA and SA treatments
across different sampling date. Because of an
essential role in seed development (Singh

Fig. 4. Fruit set percentage of Plukenetia volubilis plants labeled in late (A) Dec. 2012 and (B) Feb. 2013,
respectively, under different plant growth regulator (PGR) treatments. Mean values with a different
letter indicate significant differences between PGR treatments at P < 0.05.

Fig. 5. Total fruit yield and total seed oil yield in Plukenetia volubilis plants treated with different plant
growth regulators throughout a growing season. Mean values with a different letter indicate significant
differences at P < 0.05.
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et al., 2002), GA3 is registered for use to
increase fruit or seed size of numerous vine
and fruit crops: grape (Vitis vinifera), citrus
(Citrus spp.), banana (Musa spp.), currant
(Ribes aureum), and pineapple (Ananas
comosus) (Valent BioSciences Corp, 2015).

All the PGRs we used increased the total
fruit yield (by 4.3% to 15.2%) and total seed
oil yield (by 4.9% to 24.9%) of P. volubilis
plants throughout a growing season as com-
pared with control, with maximum increase
being observed in ABA and SA treatments
followed by KIN, IAA, and GA3, respec-
tively (Fig. 5a and b). This was consis-
tent with the positive influence of PGRs on
the productivity of several oilseed crops
(Abdelgadir et al., 2010; Ghosh et al., 1991).
Exogenous application of ABA and SA has
been found very effective in reducing the
deleterious effect of activated oxygen spe-
cies, especially in drought (Alscher et al.,
1997; Hussain et al., 2008). As P. volubilis
plants mainly matured in the dry season,
induction of drought tolerance in P. volubilis
plants by exogenous ABA and SA and its
derivatives might have a significant practical
role in its production. The fruit yield was
relatively low in GA3, KIN, and IAA treat-
ments although they had relatively large seed
size. Therefore, the increased fruit numbers
per unit area, rather than fruit or seed size,
was largely responsible for the influences of
PGRs on the total fruit yield of P. volubilis
plants, which was consistent with the result of
our previous studies (Jiao et al., 2012; Yang

et al., 2014). On the other hand, Ozer (2003)
suggested that seed size is another primary
factor that determined the seed yield of
winter oilseed rape (Brassica napus).

As a wind-dispersed species with well-
developed reproductive organs (i.e., flower
and fruit numbers; Jiao et al., 2012), seed
production in P. volubilis plants depends
mainly on the availability of current photo-
assimilate and storage resources (i.e., carbo-
hydrates) to make seeds. Vegetative growth
is highly responsible for the number and size
of the reproductive sink (i.e., number of
flowers and capsules) during the reproductive
stage (Cai 2011; Cai et al., 2012). Although
the fruit yield was positively related to the
fruit set as expected, the increased fruit yield
was negatively accompanied by an increased
plant biomass across PGR treatments (Fig. 6),
contrasting with our previous results of P.
volubilis plants in response to light intensity,
water, fertilization, and planting density (Cai,
2011; Jiao et al., 2012; Yang et al., 2014).
PGRs are known to enhance the source–sink
relationship and stimulate the translocation
of photoassimilates thereby helping in effec-
tive flower formation, fruit, and seed devel-
opment, and ultimately enhance productivity
of the crops (Agehara and Leskovar, 2014;
Rademacher, 2015). This, when coupled with
the ABA- and SA-induced mobilization of
metabolites to the developing fruits during
the drought conditions when current available
photoassimilates was strongly limited, may
have stimulated the switch from vegetative to

reproductive growth and, hence, caused an
increase in fruit yield, as observed herein.
There was also reported that PGRs increased
the yield and harvest index, but did not affect
aboveground biomass of alfalfa plants (Zhang
et al., 2009).

Conclusion

For the first time, this study suggests that
PGRs can become a valuable tool for pro-
moting the seed oil yield of P. volubilis plants
with ABA and SA having the largest effects,
especially under drought conditions in the field.
The yield and development of P. volubilis
plants depended to a great extent on the balance
between vegetative to reproductive growth
during the reproductive stage in the dry
season. Additional studies should be conducted
to determine whether or not the effect of PGRs
at different concentrations on the seed or oil
yield was consistent over the years.
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