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Abstract

Mexican beetle, Zygogramma bicolorata Pallister (Coleptera: Chrysomelidae) is a potential
weed control biocontrol agent in Australia, India and other countries. Its grubs and adults
feed on the leaves of parthenium weed, Parthenium hysterophorus and check the further
growth of the plant. Experiments were conducted to understand host plant-mediated effects
of elevated temperature and elevated CO2 on biocontrol agent Z. bicolorata. Food consump-
tion, utilization, ecological efficiency and life-table parameters of Z. bicolorata were studied in
grubs and adults stage up to diapause. Reduction of leaf nitrogen in parthenium weed foliage
with a significant increase in carbon and C:N ratio was recorded at elevated CO2. Elevated
CO2 and temperature had no effect on adult longevity before diapausing. Duration of egg’s
hatching, specific stages of grub and pupa of Z. bicolorata were significantly longer when bee-
tles fed on leaves grown under elevated CO2 but these parameters decreased significantly on
leaves grown under elevated temperature. Significantly high consumption rates with low
growth and digestion conversions were observed under elevated CO2 and/or in coupled
with elevated temperature. Elevated CO2 and temperature-grown parthenium weed foliage
also had a significant effect on Z. bicolorata intrinsic rate of increase (R), finite rate of increase
(λ), mean generation time (T ), and gross reproductive rate. Changed quality of parthenium
weed leaves in elevated CO2 and temperature levels resulted in the increase of consumption,
slower food conversion rates, increase in developmental period with reduced reproduction
efficiency of Z. bicolorata. Our results indicate that the reproduction efficiency of Z. bicolorata
is likely to be reduced as the climate changes, despite increased feeding rates exhibited by
grubs and adult beetles on parthenium weed foliage.

Introduction

The level of global atmospheric CO2 concentration has increased from 284 to 397 ppm during
the year 1832 to 2013 (Wheeler and von Braun, 2013). It has been estimated that CO2

may increase from 600 to 1000 ppm by the end of 21st century (Stern and Taylor, 2007).
The earth’s global average surface temperature has increased by 0.78°C during the 20th century
and it is expected to be increased from 1.8 to 4°C by the end of 21st century. However, the
amount of increase is expected to be different across geographical locations (Choudhary
et al., 2019). Increased CO2 and temperature is likely to affect plants indirectly via climate
change, and directly by producing changes not only in plant growth but also in plant’s bio-
chemical cycle (Kimball et al., 2002). High concentration of CO2 may affect the eating habits
of insect due to reduction in nutritional properties and self-defence of plants (Niziolek et al.,
2013). An increasing proportion of carbon to nitrogen in plants leads to higher consumption
of plant parts by insects (Bhumannavar and Balasubramanian, 1998; Hunter, 2001; Ainswort
et al., 2007). Bezemer and Jones (1998) also reported more feeding by insects on plant foliage
and stem parts because of 15% less content of nitrogen in the plant under elevated CO2 con-
ditions. Uptake of the high amount of CO2 by plants increases photosynthesis rate, which
ultimately produces very high amounts of sugar, ascorbic acid, phenols, starch, anthocyanins
and flavonoids content in plants, therefore, more number of insects were attracted to them
(Whittaker, 1999; Zavala et al., 2009; Niziolek et al., 2013). Adults of Gratiana boliviana
(Coleoptera: Chrysomelidae) when reared at the high CO2 level recorded low weight and smal-
ler size (Diaz et al., 2012).

Parthenium or rag weed, Parthenium hysterophorus L. is a unique C3-C4 plant, which is an
alien invasive herbaceous weed and has threatened agro-ecosystem and natural ecosystems of
more than 30 countries in the world (Adkins and Shabbir, 2014). It also imposes big losses to
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grazing land productivity, livestock production and native bio-
diversity (Adkins and Navie, 2006). It has been categorized as
one of the most noxious weeds in Australia (Dhileepan, 2012)
and in India (Sushilkumar and Varshney, 2010; Sushilkumar,
2014). This weed has the capability to attack a wide range of
environments due to its vigorous growth habit, high seed produc-
tion and effective dispersal mechanisms (Bajwa et al., 2016).
Parthenium weed has spread in almost all the states of India
and it is estimated to have invaded about 35 million hectares of
land in India (Sushilkumar and Varsheny, 2010). Climatic factors
also play a significant role in parthenium weed seed longevity in
soil seed banks (Nguyen et al., 2017). It has been found that if
parthenium weed grown under elevated CO2 (550 ppm) had a tre-
mendous positive effect on the growth of root, stem, leaf, and
flower (Nguyen et al., 2017). Naidu (2013) also recorded a signifi-
cant increase in growth of parthenium weed under elevated CO2.
Parthenium weed grown under elevated CO2 concentration (700
ppm) reported high water usage, stomata conductance and the
rate of transpiration (Pandey et al., 2003). Increased plant height,
biomass and seed production was also observed when parthenium
weed was grown under elevated CO2 (Navie et al., 2005). Evidence
strongly suggests that enhanced CO2 and temperature, directly
and indirectly, affect the distribution and ecosystem’s structure
and function of parthenium weed (Pandey et al., 2003; Navie
et al., 2005; Naidu, 2013; Nguyen et al., 2017).

An exotic biocontrol agent Mexican beetle, Zygogramma bico-
lorata Pallister (Coleptera: Chrysomelidae) is a parthenium weed
leaf-feeding beetle. Its grubs and adults feed on the leaves of
parthenium weed and cause heavy injury to the plant. The
young grubs after hatching, congregate in the terminal and axil-
lary buds causing heavy damage leading to stunted growth and
reduced flower production. The high fertility, voracity and its
host specificity towards parthenium weed made Z. bicolorata a
good potential biocontrol agent (Jayanth and Nagarkatti, 1987;
Sushilkumar, 2009). High food conversion potential of Z. bicolor-
ata and its ability to eat the weed by both grub and adult stages
can help increase the mass density of the insects and its effective-
ness (Omkar and Uzma, 2011). Now it is well accepted that
increased CO2 concentration and temperature in the atmosphere
will either directly or indirectly affect plant–insect interaction.
Meager information is available on effects of these two factors
either alone or in combination on development, emergence
time and feeding capacity of insects, in general, and weeds eating
biocontrol agents, in particular. No previous studies have been
done on the effect of feeding potential and life cycle of Z. bicolor-
ata reared on parthenium weed grown under elevated CO2 either
alone or interactive effect with temperature. In the present study,
the effect of elevated CO2 and temperature on growth and devel-
opment of the Z. bicolorata feeding on parthenium weed foliage
were examined using a factorial design. The complete life cycle
of the weed controlling biocontrol agent reared on parthenium
weed foliage in each of four CO2 × temperature combinations
was studied to determine the independent and interactive effect
of elevated CO2 and elevated temperature on the feeding, develop-
ment and life table parameters of Z. bicolorata.

Materials and methods

Open-top chamber (OTC)

The present study was conducted at ICAR-Directorate of Weed
Research, Jabalpur (23.90°N; 79.58°E), Madhya Pradesh, India

in four OTCs, each having an area of 5.55 m2. Four treatments
included eTemp + eCO2 [elevated temperature (ambient + 2°C)
+ elevated CO2 (550 ± 50 ppm)], aTemp + eCO2 [ambient tem-
perature + elevated CO2 (550 ± 50 ppm)], eTemp + aCO2 [ele-
vated temperature (ambient + 2°C) + ambient CO2 (395 ppm)]
and aTemp + aCO2 [ambient temperature + ambient CO2].
Elevated temperature was achieved through infrared heaters fitted
inside the OTC chambers and precisely maintained with auto-
matic control device through on/off mechanism by taking into
account ambient temperature as a reference at a given time. The
desired temperature was maintained round the clock throughout
the experiment. Elevated CO2 was achieved through the enrich-
ment of CO2 from an external source, which was continuously
monitored and regulated based on the feedback from infrared
gas analyzer (IRGA). Elevated CO2 was maintained during sun-
shine only. Different treatments were imposed from 10 days
after sowing (DAS) until the end of the experiment. The seeds
of parthenium weed were sown in OTCs on 28 June 2017 by
the broadcasting method and maintained.

Feeding trials

A hundred numbers of eggs of Z. bicolorata were brought into
insect culture room having 26 ± 1°C temperature and 70 ± 10
RH from the stock culture at ICAR-Directorate of Weed
Research, Jabalpur. Care was also taken to avoid mechanical injury
during the transfer of eggs. These eggs were kept in one large plas-
tic container (12 × 6 cm2) for taking the grubs for experiments
after hatching. Feeding trials of Z. bicolorata were initiated putting
1 g soft tender parthenium weed foliage (≈ 1 month old) plucked
from four treatment OTCs, upon wet filter paper placed on the
bottom of ten small size Petri-dishes for each treatment. The cor-
responding 1 g leaves were put into the oven at 40°C temperature
for taking the dry weight. In each Petri-dish, one freshly hatched
grub was transferred from the stocked plastic container. Thus,
each Petri-dish was considered as one replication for each of the
four treatments. From next day onward at one fixed time, each
grub was removed from Petri-dish and weighed and averaged.
The leftover leaves with faecal matter were removed from
Petri-dish and put in-to oven at 40°C temperature for taking the
dry weight. After cleaning the Petri-dishes, again 1 g weighed
fresh leaves of parthenium weed were provided to grub in each
Petri-dish. The procedure was repeated daily till the grubs went
for pupation. Weight of each of the 10 grubs of different treat-
ments was averaged. In the same way, mean leaf weight consumed
by per grub and faecal matter per grub were calculated. Statistical
analysis was performed using these means.

Fourth instar grubs showing discontinue feeding symptoms
were removed from the Perti-dish and transferred into separate
plastic container having 4 cm soil layer, to enable them for pupa-
tion. Newly emerged adults from pupation were put in pair (male
and female) in new containers. Male and female adults were dif-
ferentiated based on their morphological characteristics i.e. ser-
rated and faint depression at the last abdominal ventrite in
male with the smaller size as compared to female. Eggs laid by
the females were counted and removed frequently for fecundity
estimation. Utmost care was also taken to avoid mechanical injury
during the transfer of eggs. Feeding data for adults were also fol-
lowed as described for grub. In case of any mortality of grub or
adult, it was replaced by the same age and weight grub or adult
from the parallel-treated stock to maintain the constant number
in each treatment.
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Simultaneously, another experiment was conducted to find out
the water content in grub and adults. For that purpose, five grubs
and adults from each batch of stock culture and treatment were
killed and dried to determine the average amount of water in
them by taking drought loads. The data of water content were
used for various growth indices of grub and adult of Z. bicolorata.

Various performance indices relating to grub and adult weight,
leaf weight consumed and faecal matter excreted in terms of rela-
tive growth rate (RGR), relative consumption rate (RCR), the effi-
ciency of conversion of ingested food (ECI), the efficiency of
conversion of digested food (ECD) and approximate digestibility
(AD) were calculated following the methods of Waldbauer (1968).

Life table parameter estimation of Z. bicolorata

The computer program, TWOSEX-MS Chart (Chi, 2013), for the
age-stage two-sex life table analysis in VISUAL BASIC version 6
for the Windows system, available on http://140.120.197.173/
Ecology/ (National Chung Hsing University) was used for life
table parameters estimation. Generation time (T ), intrinsic rate
of increase (rm), net reproductive rate (Ro), gross reproductive
rate (GRR) and finite rate of increase (λ) of Z. bicolorata were cal-
culated for treatments effect detection. The standard errors of each
population parameter were analyzed via a bootstrap approach with
a sample size of 100,000 (Efron and Tibshirani, 1993).

Biochemical analyses of parthenium weed leaves grown under
different OTC treatment

Leaf with twig samples from each OTC used in the feeding experi-
ment were analyzed for carbon, nitrogen and their ratio. Samples
were dried at 60°C and subsequently ground to powder to deter-
mine carbon and nitrogen concentrations. Leaf carbon and

nitrogen were measured using a CHN analyzer (Model NA
15000 NA, Carlo Erba Strumentazione, Italy) using standard pro-
cedures (Jackson, 1973).

Statistical analyses:

The effect of treatment on biochemical changes in plant, consump-
tion parameters, developmental time and life table parameters of Z.
bicolorata were analyzed by a General Linear Model (GLM) with
CO2 concentration and temperature levels included as factors
(SPSS 21.0, 2018). GLM and analysis of variance (ANOVA) proce-
dures were satisfied the assumptions of normality and homogeneity
of variances using suitable transformations of data, if necessary.
Data of carbon content in plant and AD in both grub and adult
were arcsine transformed before analyses. When a significant inter-
action occurred between CO2 and temperature factors in the GLM
analysis, Tukey’s HSD posthoc test was carried out to compare the
means at the 5% significance level. The differences among life para-
meters table treatments were analyzed with a paired bootstrap test
at the 5% significance level.

Results

Biochemical analyses of parthenium weed leaves

Leaf nitrogen content was distinctly lower in elevated CO2-treated
parthenium weed foliage (main effect of CO2 level, F1,16 = 78.72,
P < 0.001). While, elevated CO2 increased carbon content in
both ambient and elevated temperature conditions (temperature ×
CO2 interactions, P = 0.002). Parthenium weed grown under ele-
vated CO2 were having a significantly higher relative proportion
of carbon to nitrogen (C: N ratio) (main effect of CO2 level, P
< 0.001). Consequently, the change in the C:N ratio was consider-
ably higher in elevated CO2 but it decreased under elevated

Table 1. Change in total carbon (%), nitrogen (%) and C:N ratio (mean ± SD) of parthenium weed foliage grown in ambient or elevated CO2 level under ambient or
elevated temperature and ANOVA results of main effects of CO2 and temperature and their interactions effect

Treatment Carbon (%) Nitrogen (%) C:N ratio

CO2 effect

Ambient (395 ppm) 36.42 ± 1.63A 4.87 ± 0.30B 7.74 ± 0.80A

Elevated (550 ± 50 ppm) 40.39 ± 1.25B 3.85 ± 0.37A 10.68 ± 1.42B

Temperature effect

Ambient 38.27 ± 4.25 4.29 ± 0.99 9.43 ± 3.20

Elevated (ambient ± 2°C) 38.54 ± 1.36 4.34 ± 0.32 8.99 ± 1.01

Interaction

eCO2 + eTemp 39.50 ± 1.45bc 4.11 ± 0.40ab 9.67 ± 0.92b

aCO2 + eTemp 37.58 ± 0.90b 4.57 ± 0.56ab 8.31 ± 0.87ab

aTemp + eCO2 41.27 ± 1.82c 3.59 ± 0.63a 11.69 ± 1.38c

aTemp + aCO2 35.26 ± 0.74a 4.99 ± 0.69ab 7.17 ± 0.94a

Analysis of variance (ANOVA)

Factor F(1,16) P F(1,16) P F(1,16) P

CO2 78.72 <0.001 4.29 0.003 90.27 <0.001

Temperature 0.37 0.63 0.05 0.71 2.01 0.37

Temperature × CO2 20.85 0.002 11.55 0.001 25.84 0.004

Means followed by different letters in the same column are significantly different between different treatments levels by Tukey HSD test at P = 0.05 significance level (marked in bold).
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temperature (temperature × CO2 interactions, F1,16 = 25.84, P =
0.004) (table 1). Increase in temperature of 2°C had no significant
effect on biochemical changes in parthenium weed leaves.

Variation in growth and development performance of Z.
bicolorata

Elevated CO2 concentration (as the main factor) grown parthe-
nium weed foliage was significantly affected all the consumption
and food utilization parameters of Z. bicolorata (tables 2 and 3).
Elevated CO2 and temperature (as the main factor, P = 0.001) and
its interactions (P = <0.001) had significantly changed the con-
sumption of parthenium weed foliage by both grubs and adults
of Z. bicolorata (tables 2 and 3). Temperature as the main factor
was not affected RCR and RGR indices in grub stage while in the
adult stage it was significantly affected by both elevated CO2 and
temperature (main factor) and its interaction (P = <0.001) (table
3). RGR of both stages was not affected by elevated temperature
while in elevated CO2 it was changed significantly. The main
effect of elevated CO2 and temperature was recorded significant
on AD of adult and grubs while the non-significant effect was
recorded on interactions of elevated CO2 and temperature con-
centrations. The conversion efficiency of ingested food (ECI) in
grub and adult stage of Z. bicolorata was recorded significantly
lower in elevated CO2 and temperature and its interactions (tables
2 and 3). Parthenium weed grown under elevated CO2 had a sig-
nificant negative impact on the conversion efficiency of digested
food (ECD) in grub and adult stage (P < 0.001) (table 2).

Substantial differences were observed in developmental para-
meters of Z. bicolorata when reared on elevated CO2 and tempera-
ture and their combinations (table 4). Elevated CO2 (the main
effect of CO2 level, P < 0.001) had a significant increase or decrease
of the developmental duration of immature stages except for adults
of Z. bicolorata. Developmental duration of immature stages (egg
and grub) were significantly increased under elevated CO2 condi-
tion (main effect of CO2 level, P < 0.001) except third instar grub.
In contrast to CO2, elevated temperature significantly decreased
the developmental duration of egg hatching, second, third and
fourth instar grubs (main effect of temperature level, P < 0.001).
At the same time, interactions (temperature × CO2) recorded a sig-
nificant impact only on developmental durations of second and
third instar grubs (table 4). No significant effect of temperature
and CO2 alteration conditions and its interactions was observed
on adult senescence before going to adult diapause (table 4).

Impact of elevated CO2 and temperature and their interactions
on life table parameters of Z. bicolorata

Impact of elevated CO2 and temperature and their interactions on
Z. bicolorata life table (net reproductive rate, GRR, intrinsic rate of
increase, finite rate of increase, mean generation time) parameters
were recorded and summarized in table 5. Elevated CO2 and tem-
perature showed significant differences (increase or decrease) in
all the life table parameters of Z. bicolorata (P < 0.001) except
net reproductive rate (R0), where elevated temperature impact
was non-significant (table 5). The main effect of CO2 significantly
reduced net reproductive rate (R0) (481.86 ± 86.52 in ambient
201.28 ± 52.33 to temperature × CO2 interactions, F1,396 = 68.99,
P < 0.001). The significant impact of the main factors (CO2,
F1,396 = 2930.01, P < 0.001 and temperature, F1,396 = 2677.10, P <
0.001) and their interactions (temperature × CO2, F1,396 =
2677.10, P < 0.001) on mean generation time was observed Ta
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where the effect of elevated CO2 increased the mean generation
time while elevated temperature shortened it by 3 days.

Discussion

It is well understood that photosynthesis and growth of many
plants are stimulated when grown under elevated CO2 and tem-
perature conditions with the reduction in leaf N content and
wider C:N ratio (Stitt and Krapp, 1999; Gao et al., 2008;
Himanen et al., 2008). Similarly, reduction in nitrogen content
and protein concentration was observed more than 12% in C3
plant under elevated CO2 conditions (Ainsworth and Long,
2005). The increased C:N ratio causes a reduction in food quality
that might have caused the higher feeding by insects (Rao et al.,
2012). In the present study, a significant increase (11.69%) in C:
N ratio was observed under elevated CO2 concentration. The

increase in plant biomass observed under elevated CO2 concen-
tration may be due to availability of more carbon and reduced
level of protein content, which might have increased the rate of
photosynthesis (Singh et al., 2018). High carbon with low protein
content leads to reduced plant nutritional quality (Rao et al.,
2012) that might have caused the higher feeding by the grubs
and adults in efforts to get more nutrition by eating the foliage
of parthenium weed in the present study.

The higher feeding rates were observed by grubs and adults of Z.
bicolorata when fed on elevated CO2 grown parthenium weed
leaves. It was well-identified that most of leaf-feeding insects
showed a compensatory increase in food consumption (Lee et al.,
2002) due to low nitrogen content, which has also been established
in the parthenium weed foliage consumption by Z. bicolorata in the
present study. The amount of nitrogen found in the leaves affects
the development of grubs and adult and their feeding capacity.

Table 3. Consumption and food utilization parameters (mean days ± SD) of Zygogramma bicolorata on parthenium weed grown in ambient or elevated CO2 level
under ambient or elevated temperature conditions.

Treatment
Consumption

(mg day−1 ind. −1)

Relative Consumption
rate

(mg day−1 ind. −1)

Relative growth
rate

(mg day−1 ind. −1)

Approximate
digestibility

(%)

Efficiency of
conversion of
ingested food

(%)
(ECI)

Efficiency of
conversion of
digested food

(%)
(ECD)

Grub indices

CO2 effect

Ambient (395 ppm) 8.42 ± 0.87A 2.28 ± 0.30A 0.16 ± 0.001A 84.58 ± 2.87A 8.77 ± 1.54B 10.37 ± 1.44A

Elevated (550 ± 50
ppm)

9.72 ± 0.30B 2.73 ± 0.29B 0.20 ± 0.003B 89.29 ± 1.65B 6.06 ± 0.72A 9.80 ± 0.93B

Temperature effect

Ambient 8.87 ± 1.51A 2.50 ± 0.62 0.18 ± 0.03 88.54 ± 2.72B 7.70 ± 1.05B 8.76 ± 1.35

Elevated (ambient
± 2°C)

9.27 ± 0.33B 2.51 ± 0.23 0.17 ± 0.02 85.33 ± 3.94A 7.12 ± 0.95A 8.40 ± 1.34

Interactions

eTemp + eCO2 9.51 ± 0.46bc 2.52 ± 0.17b 0.17 ± 0.004a 88.12 ± 6.90 6.56 ± 0.45b 7.45 ± 0.56a

aTemp + eCO2 9.93 ± 0.38c 2.94 ± 0.15c 0.16 ± 0.003a 90.46 ± 5.78 5.54 ± 0.17a 6.13 ± 0.23a

eTemp + aCO2 9.03 ± 0.24b 2.49 ± 0.16b 0.19 ± 0.001b 82.54 ± 5.27 7.68 ± 0.46c 9.34 ± 0.87b

aTemp + aCO2 7.80 ± 0.40a 2.06 ± 0.11a 0.20 ± 0.003c 86.61 ± 4.61 9.86 ± 0.49d 11.38 ± 0.51c

Adult indices

CO2 effect

Ambient (395 ppm) 3.81 ± 0.55A 0.61 ± 0.10A 0.02 ± 0.00B 81.53 ± 1.87A 3.87 ± 0.45B 4.75 ± 0.66B

Elevated (550 ± 50
ppm)

7.43 ± 2.72B 0.83 ± 0.31B 0.01 ± 0.00A 84.78 ± 1.66B 1.78 ± 0.71A 2.11 ± 0.88A

Temperature effect

Ambient 6.78 ± 3.65B 0.87 ± 0.27B 0.02 ± 0.00 84.41 ± 2.19B 3.24 ± 0.97B 2.89 ± 0.94A

Elevated (ambient
± 2°C)

4.46 ± 1.48A 0.57 ± 0.15A 0.02 ± 0.00 81.91 ± 2.41A 2.41 ± 0.70A 3.98 ± 1.56B

Interactions

eTemp + eCO2 5.50 ± 0.13c 0.61 ± 0.05b 0.012 ± 0.001a 83.61 ± 3.40 2.28 ± 0.26b 2.73 ± 0.32

aTemp + eCO2 9.36 ± 0.16d 1.05 ± 0.06d 0.013 ± 0.001a 85.95 ± 1.46 1.28 ± 0.08a 2.49 ± 0.16

eTemp + aCO2 3.41 ± 0.14a 0.53 ± 0.02a 0.022 ± 0.003b 80.20 ± 3.07 4.18 ± 0.19d 5.22 ± 0.31

aTemp + aCO2 4.19 ± 0.13b 0.68 ± 0.05c 0.024 ± 0.002c 82.86 ± 3.16 3.54 ± 0.09c 4.28 ± 0.41

Means followed by different letters in the same column are significantly different between different treatments levels by Tukey HSD test at P = 0.05 significance level.
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Table 4. Developmental time of immature stages and senescence times (mean days ± SE) of adult life stages of Zygogramma bicolorata reared on parthenium weed grown in different environmental conditions.

Treatment Egg G1a G2 G3 G4 Pupa Adult

CO2 effect

Ambient (395 ppm) 3.69 ± 0.31B 2.08 ± 0.01A 2.62 ± 0.28A 2.73 ± 0.63B 3.91 ± 0.43A 9.70 ± 0.71A 87.41 ± 4.05

Elevated (550 ± 50 ppm) 4.28 ± 0.42A 2.80 ± 0.01B 2.89 ± 0.17B 3.30 ± 0.13A 4.60 ± 0.12B 11.58 ± 0.32B 83.53 ± 1.37

Temperature effect

Ambient 4.25 ± 0.48B 2.48 ± 0.47 2.88 ± 0.07B 3.30 ± 0.19B 4.45 ± 0.33B 10.78 ± 1.02 87.39 ± 4.08

Elevated (ambient ± 2°C) 3.72 ± 0.36A 2.47 ± 0.57 2.63 ± 0.30A 2.74 ± 0.62A 4.06 ± 0.64A 10.50 ± 1.20 83.55 ± 1.40

Interaction

eTemp + eCO2 4.53 ± 0.09 2.80 ± 0.05 2.96 ± 0.05b 3.26 ± 0.06b 4.85 ± 0.17 12.41 ± 0.18 82.56 ± 5.56

aTemp + eCO2 5.28 ± 0.07 2.84 ± 0.05 3.02 ± 0.05b 3.50 ± 0.07b 5.09 ± 0.14 13.23 ± 0.13 84.50 ± 5.75

eTemp + aCO2 3.71 ± 0.09 2.08 ± 0.06 2.56 ± 0.06a 2.33 ± 0.08a 3.59 ± 0.09 9.97 ± 0.16 84.54 ± 2.70

aTemp + aCO2 4.19 ± 0.08 2.10 ± 0.06 2.82 ± 0.06b 3.23 ± 0.06b 4.54 ± 0.12 10.27 ± 0.12 90.27 ± 4.32

Analysis of variance (ANOVA)

Factor F
(1,396)

P F
(1,283)

P F
(1,256)

P F
(1,230)

P F (1,203) P F (1,158) P F (1,124) P

CO2 30.40 <0.001 123.76 <0.001 14.52 <0.001 25.23 <0.001 25.06 <0.001 19.29 <0.001 0.688 0.409

Temperature 21.96 <0.001 1.07 0.301 12.34 0.001 23.94 <0.001 8.50 0.004 0.011 0.917 0.672 0.414

Temperature × CO2 0.845 0.359 1.77 0.184 4.55 0.034 6.40 0.012 2.76 0.098 0.129 0.720 0.164 0.687

aG1: first instar grub; G2: Second instar grub; G3: third instar grub; G4: fourth instar grub.
Means followed by different letters in the same column are significantly different between different treatments levels by Tukey HSD test at P = 0.05 significance level (marked in bold).
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Table 5. Life table parameters (mean ± SE) of Zygogramma bicolorata reared on parthenium weed in different environmental conditions.

Treatment R λ R0 T GRR

CO2 effect

Ambient (395 ppm) 0.15 ± 0.01B 1.16 ± 0.0B 190.37 ± 15.42B 41.73 ± 2.22A 1093.81 ± 52.12B

Elevated (550 ± 50 ppm) 0.11 ± 0.01A 1.12 ± 0.00A 425.59 ± 32.51A 49.90 ± 1.90B 791.01 ± 46.67A

Temperature effect

Ambient 0.12 ± 0.03A 1.13 ± 0.03A 330.66 ± 74.05 47.06 ± 1.53B 977.35 ± 116.27B

Elevated (ambient ± 2°C) 0.13 ± 0.03B 1.14 ± 0.03B 285.30 ± 53.45 44.57 ± 1.14A 907.47 ± 1.23A

Interaction

eTemp + eCO2 0.108 ± 0.006 1.114 ± 0.006 201.28 ± 52.33a 48.99 ± 0.49c 758.01 ± 152.99

aTemp + eCO2 0.102 ± 0.007 1.107 ± 0.007 179.47 ± 51.47a 50.82 ± 0.56d 824.02 ± 178.02

eTemp + aCO2 0.147 ± 0.006 1.158 ± 0.007 369.32 ± 75.88b 40.16 ± 0.36a 1056.94 ± 164.28

aTemp + aCO2 0.142 ± 0.004 1.153 ± 0.006 481.86 ± 86.52b 43.30 ± 0.41b 1130.68 ± 158.01

Analysis of variance (ANOVA)

Factor F(1,396) P F(1,396) P F(1,396) P F(1,396) P F(1,396) P

CO2 4345.04 <0.001 4405.03 <0.001 989.06 <0.001 2930.01 <0.001 293.85 <0.001

Temperature 69.21 <0.001 69.46 <0.001 7.97 0.06 2677.10 <0.001 11.24 0.001

Temperature × CO2 6.02 0.065 5.25 0.072 68.99 <0.001 315.29 <0.001 1.35 0.245

R, intrinsic rate of increase; λ, finite rate of increase; R0, net reproductive rate; T, mean generation time; GRR, gross reproductive rate.
Standard errors were analyzed using 100,000 bootstraps replicates.
Means followed by different letters in the same column are significantly different between different treatments levels by the paired bootstrap test (marked in bold).

B
ulletin

of
Entom

ological
Research

117

https://w
w

w
.cam

bridge.org/core/term
s. https://doi.org/10.1017/S0007485320000395

D
ow

nloaded from
 https://w

w
w

.cam
bridge.org/core. IP address: 203.129.217.46, on 13 Jan 2021 at 09:22:45, subject to the Cam

bridge Core term
s of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0007485320000395
https://www.cambridge.org/core


The lack of nitrogen showed a decrease in the performance of the
insects. When insects eat nitrogen-deficient plants, they eat more
quantities, which, in turn, increase the inclusion capacity of food
(Coviella et al., 2000; Hunter, 2001). Similarly, the consumption
pattern of insect herbivores was reported (Robinson et al., 2012)
to be influenced due to the dilution of biochemical composition
of crop plants grown at elevated CO2 conditions. Present study
results were in line to show the response of Z. bicolorata to poor
foliage quality, particularly the low N content and wide C:N
ratio. Low nitrogen content compelled grubs and adults to chew
more foliage of parthenium weed in efforts to get more protein
for development and reproduction, which may result in more
defoliation of the weed (Coviella et al., 2000).

Growth performance indices (AD, RCR, RGR, ECD and ECI)
significantly differed with elevated CO2 conditions in this study.
The RGR of grubs and adults was significantly lower when fed
on parthenium weed leaves grown under elevated conditions (tem-
perature and CO2) as compared to ambient conditions. The AD
was found increased in elevated CO2 and temperature. This is gen-
erally supposed that CO2 induced changes in foliar chemical com-
pounds play the most important role in the activities of
plant-feeding insects. In the present study, grubs and adults con-
sumed and digested extra food, but development was slow and
took 1–5 days more at various stages of development when reared
on different CO2 treatment combinations than the ambient condi-
tions. High growth performance indices under ambient conditions
in our study have also been reported by Omkar and Uzma (2011)
in Z. bicolorata fed on parthenium weed.

Similarly, Rao et al. (2009) reported that herbivores reared on
elevated CO2 conditions exhibited a high consumption rate and
low development rate. They also reported that efficiency of con-
version of digested food, the efficiency of conversion of ingested
food and RGR decreased in case of tested herbivores larvae
when insects were reared on foliage grown under increased CO2

concentrations (550 and 700 ppm). In Coleopteran biocontrol
agent, Gratiana boliviana, immature survival and developmental
time were negatively affected at high CO2, but not at ambient con-
ditions (Diaz et al., 2012). High consumption rate was recorded in
Popillia japonica when reared on elevated CO2 and elevated tem-
perature grown leaves (Niziolek et al., 2013). Rao et al. (2012)
reported similar findings on tobacco caterpillar, Spodoptera litura
(Fabricius) (Noctuidae: Lepidoptera). Low efficiency of conver-
sion of digested food in these conditions may result from a requis-
ite of tested insects to metabolize digested food in order to turn
out into water (Lindroth, et al., 1993).

In the present study, elevated CO2 and temperature had a sig-
nificant influence on the entire life table parameters of Z. bicolor-
ata. Even though Z. bicolorata females were able to lay eggs at all
elevated temperatures and CO2 combinations, but significant
changes were observed in life table parameters under elevated
CO2 and temperature conditions. The value of intrinsic rate was
introduced as a useful theory for studying insect populations by
Huang and Chi (2012). In the present study, a significant decrease
in intrinsic rate with increased generation time was noticed with
elevated CO2 conditions. The significant changes of the intrinsic
rate of Z. bicolorata in the present study could be results of
decrease in foliage N because nitrogen is the single most import-
ant limiting resource for phytophagous insects (Gao et al., 2008).
The GRRs were gradually decreased in elevated CO2 and tempera-
ture compared to ambient conditions. Significant changes in life
table parameters in repose to increased CO2 (Johns et al., 2003;
Rao et al., 2012) and temperature (Chen et al., 2017; Dyer

et al., 2013) were recorded in leaf chewing insects in the line of
the present study.

Conclusion

The present study revealed the significant impacts of elevated CO2

and interaction with elevated temperature on leaf nitrogen and
carbon content in parthenium weed foliage. Growth performance
indices (AD, RCR, RGR, ECD and ECI) and developmental time
of various stages of Z. bicolorata were changed significantly in
response to elevated CO2 and/or elevated temperature. The values
of life table parameters viz., intrinsic rate of increase, finite rate of
increase, net reproductive rate and GRR were reduced signifi-
cantly under elevated CO2 and/or interaction with elevated tem-
perature. The mean generation time was significantly reduced in
elevated temperature while it was increased in elevated CO2 and
its combination with temperature. Present findings indicated
that the interactive effects of CO2 and temperature would have
changed the biological parameters of parthenium weed and its
biocontrol agent, Z. bicolorata. It also points with an advantage
of high feeding rate and negatively low reproduction efficiency
of this potential weed controlling biocontrol agent. Further stud-
ies are needed to examine the mechanisms involved in the results
of the present study.

Acknowledgements. Authors are gratefully acknowledges anonymous
reviewers and Editor for their constructive comments on an earlier version
of the manuscript. Authors also acknowledge Dr S. K. Naik, Pr. Scientist,
ICAR-RCER, Research Centre, Ranchi- India, for helping the data analysis
and interpretation of results.

References

Adkins S and Navie S (2006) Parthenium weed: a potential major weed for
agro-ecosystems in Pakistan. Pakistan Journal of Weed Science Research
12, 19–36.

Adkins SW and Shabbir A (2014) Biology, ecology and management of the
invasive parthenium weed (Parthenium hysterophorus L. Pest
Management Science 70, 1023–1029.

Ainsworth EA and Long SP (2005) What have we learned from 15 years of
free-air CO2 enrichment (FACE)? a meta-analytic review of the responses
of photosynthesis, canopy. New Phytologist 165, 351–371.

Ainsworth EA, Rogers A, Leakey ADB, Heady LE, Gibon Y, Stitt M and
Schurr U (2007) Does elevated atmospheric (CO2) alter diurnal C uptake
and the balance of C and N metabolites in growing and fully expanded soy-
bean leaves? Journal of Experimental Botany 58, 579–591.

Bajwa AA, Chauhan BS, Farooq M, Shabbir A and Adkins SW (2016) What
do we really know about alien plant invasion? A review of the invasion
mechanism of one of the world’s worst weeds. Planta 244, 39–57.

Bezemer TM and Jones TH (1998) Plant – insect herbivore interactions in elevated
atmospheric CO2: quantitative analyses and guild effects. Oikos 82, 212–222.

Bhumannavar BS and Balasubramanian C (1998) Food consumption and
utilization by the Mexican beetle, Zygogramlna bicolorata Pallister
(Coleoptera: Chrysomelidae) on Parthenium hysterophorus Linnaeus.
Journal of Biological Control 12, 19–23.

Chen Q, Li N, Wang X, Ma L, Huang J-B and Huang G-H (2017) Age-stage,
two-sex life table of Parapoynx crisonalis (Lepidoptera: Pyralidae) at differ-
ent temperatures. PLoS ONE 12, e0173380.

Chi H (2013) TWOSEX-MSChart: computer program for age-stage, two-sex
life table analysis. Available at http://140.120.197.173/ecology/ (Accessed
01 January 2019).

Choudhary JS, Mali SS, Mukherjee D, Kumari A, Moanaro, Rao MS, Das B,
Singh AK and Bhatt BP (2019) Spatio-temporal temperature variations in
MarkSim multimodel data and their impact on voltinism of fruit fly,
Bactrocera species on mango. Scientific Reports 9, 9708.

118 Lavkush Kumar et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0007485320000395
Downloaded from https://www.cambridge.org/core. IP address: 203.129.217.46, on 13 Jan 2021 at 09:22:45, subject to the Cambridge Core terms of use, available at

http://140.120.197.173/ecology/
http://140.120.197.173/ecology/
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0007485320000395
https://www.cambridge.org/core


Coviella CE, Stipanovic RD and Trumble JT (2000) Plant allocation to defen-
sive compounds: interactions between elevated CO2 and nitrogen in trans-
genic cotton plants. Journal of Experimental Botany 53, 323–331.

Dhileepan K (2012) Reproductive variation in naturally occurring populations
of the weed Parthenium hysterophorus (Asteraceae) in Australia. Weed
Science 60, 571–576.

Diaz R, Manrique V, He Z and Overholt WA (2012) Effect of elevated
CO2 on tropical soda apple and its biological control agent Gratiana
boliviana (Coleoptera: Chrysomelidae). Biocontrol Science and Technology
22, 763–776.

Dyer LA, Richards LA, Short SA and Dodson CD (2013) Effects of CO2 and
temperature on tritrophic interactions. PLOS ONE 8, 1–9.

Efron B and Tibshirani RJ (1993) An Introduction to the Bootstrap.
New York: Chapman & Hall.

Gao F, Zhu SR, Sun YC, Du L, Parajulee M, Kang L and Ge F (2008)
Interactive effects of elevated CO2 and cotton cultivar on tri-trophic inter-
action of Gossypium hirsutum, Aphis gossyppii, and Propylaea japonica.
Environmental Entomology 37, 29–37.

Himanen SJ, Nissinen A, Dong WX, Nerg AM, Stewart Jr CN, Poppy GM
and Holopainen JK (2008) Interactions of elevated carbon dioxide and
temperature with aphid feeding on transgenic oilseed rape: are Bacillus thur-
ingiensis (Bt) plants more susceptible to non target herbivores in future cli-
mate? Global Change Biology 14, 1–18.

Huang YB and Chi H (2012) Age-stage, two-sex life tables of Bactrocera
cucurbitae (Coquillett) (Diptera: Tephritidae) with a discussion on the
problem of applying female age-specific life tables to insect populations.
Insect Science 19, 263–273.

Hunter MD (2001) Effects of elevated atmospheric carbon dioxide on insect-
plant interactions. Agricultural Forest Entomology 3, 153–159.

Jackson ML (1973) Soil chemical analysis p. 498, Prentice Hall of India Private
Limited, New Delhi.

Jayanth KP and Nagarkatti S (1987) Investigations on the host-specificity and
damage potential of Zygogramma bicolorata Pallister (Coleoptera:
Chrysomelidae) introduced into India for the biological control of
Parthenium hysterophorus. Entomon 12, 141–145.

Johns CV, Beaumont LJ and Hughes L (2003) Effects of elevated CO2 and
temperature on development and consumption rates of Octotoma cham-
pioni and O. scabripennis Feeding on Lantana camara. Entomologia
Experimentalis et Applicata 108, 169–178.

Kimball BA, Kobayashi K and Bindi M (2002) Responses of agricultural
crops to free-air CO2 enrichment. Advances in Agronomy 77, 293–368.

Lee KP, Behmer ST, Simpson SJ and Raubenheimer D (2002) A geometric
analysis of nutrient regulation in the generalist caterpillar Spodoptera littor-
alis (Boisduval). Journal of Insect Physiology 48, 655–665.

Lindroth RL, Kinney KK and Platz CL (1993) Responses of deciduous trees
to elevated atmospheric CO2: productivity, phytochemistry, and insect per-
formance. Ecology 74, 763–777.

Naidu VSGR (2013) Invasive potential of C3-C4 intermediate Parthenium
hysterophorus under elevated CO2. Indian Journal of Agricultural Sciences
83, 176–179.

Navie SC, McFadyen RE, Panetta FD and Adkins SW (2005) The effect of
CO2 enrichment on the growth of a C3 weed (Parthenium hysterophorus

L.) and its competitive interaction with a C4 grass (Cenchrus ciliaris L.).
Plant Protection Quarterly 20, 61–66.

Nguyen T, Bajwa AA, Navie S, O’Donnell C and Adkins S (2017)
Parthenium weed (Parthenium hysterophorus L.) and climate change: the
effect of CO2 concentration, temperature, and water deficit on growth and
reproduction of two biotypes. Environmental Science and Pollution Research
24, 10727–10739.

Niziolek OK, Berenbaum MR and DeLucia EH (2013) Impact of elevated
CO2 and increased temperature on Japanese beetle herbivory. Insect
Science 20, 513–523.

Omkar and Uzma A (2011) Food consumption, utilization and ecological effi-
ciency of Parthenium beetle, Zygogramma bicolorata Pallister (Coleoptera:
Chrysomelidae). Journal of Asia-Pacific Entomology 14, 393–397.

Pandey DK, Palni LMS and Joshi SC (2003) Growth, reproduction, and
photosynthesis of ragweed parthenium (Parthenium hysterophorus). Weed
Science 51, 191–201.

Rao MS, Srinivas K, Vanaja M, Rao GGSN, Venkateswarlu B and
Ramakrishna YS (2009) Host plant (Ricinus communis Linn.) mediated
effects of elevated CO2 on growth performance of two insect folivores.
Current Science 97, 1047–1054.

Rao MS, Manimanjari D, Vanaja M, Rama Rao CA, Srinivas K, Rao VUM
and Venkateswarlu B (2012) Impact of elevated CO2 on tobacco caterpillar,
Spodoptera litura on peanut, Arachis hypogaea. Journal of Insect Science 12,
1–10.

Robinson EA, Geraldine DR and Jonathan AN (2012) A meta-analytical
review of the effects of elevated CO2 on plant arthropod interacting envir-
onmental and biological variables. New Phytologist 194, 321–336.

Singh H, Sharma R, Savita, Singh MP, Kumar M, Verma A, Ansari MW,
Negi M and Sharma SK (2018) Adaptive physiological response of
Parthenium hysterophorus to elevated atmospheric CO2 concentration.
Indian Forester 144, 6–19.

Stern N and Taylor C (2007) Climate change: risk, ethics, and the stern
review. Science (New York, N.Y.) 317, 203–204.

Stitt M and Krapp A (1999) The interaction between elevated CO2 and nitro-
gen nutrition: the physiological and molecular background. Plant, Cell and
Environment 22, 583–621.

Sushilkumar (2009) Biological control of Parthenium in India: status and pro-
spects. Indian Journal of Weed Science 41, 1–18.

Sushilkumar (2014) Spread, menace and management of Parthenium. Indian
Journal of Weed Science 46, 205–219.

Sushilkumar and Varshney JG (2010) Parthenium infestation and its esti-
mated cost management in India. Indian Journal of Weed Science 42, 73–77.

Waldbauer GP (1968) The consumption and utilization of food by insects.
Advances in Insect Physiology 5, 229–288.

Wheeler T and von Braun J (2013) Climate change impacts on global food
security. Science (New York, N.Y.) 341, 508–513.

Whittaker JB (1999) Impacts and responses at population level of herbivorous
insects to elevated CO2. European Journal of Entomology 96, 149–156.

Zavala JA, Casteel CL, Nabity PD, Berenbaum MR and De Lucia EH (2009)
Role of cysteine proteinase inhibitors in preference of Japanese beetles
(Popillia japonica) for soybean (Glycine max) leaves of different ages and
growth under elevated CO2. Oecologia 161, 35–41.

Bulletin of Entomological Research 119

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0007485320000395
Downloaded from https://www.cambridge.org/core. IP address: 203.129.217.46, on 13 Jan 2021 at 09:22:45, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0007485320000395
https://www.cambridge.org/core

	Host plant-mediated effects of elevated CO2 and temperature on growth and developmental parameters of Zygogramma bicolorata (Coleoptera: Chrysomelidae)
	Introduction
	Materials and methods
	Open-top chamber (OTC)
	Feeding trials
	Life table parameter estimation of Z. bicolorata
	Biochemical analyses of parthenium weed leaves grown under different OTC treatment
	Statistical analyses:

	Results
	Biochemical analyses of parthenium weed leaves
	Variation in growth and development performance of Z. bicolorata
	Impact of elevated CO2 and temperature and their interactions on life table parameters of Z. bicolorata

	Discussion
	Conclusion
	Acknowledgements
	References


