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Summary. The effect of enriched CO, environments on natural plant-insect herbivore
interactions is under attention. To understand such effects on insect growth and consumption,
early and late instar larvae of the cotton leaf worm, Spodoptera littoralis (Lepidoptera:
Noctuidae) reared on the cotton plant leaves Gossypium barbadens (Malvacae) grown under
either ambient (350 PPM) or high (700 PPM) CO, atmospheres. Despite consuming more
foliage, the mean larval fresh weight of the early (2nd) and late (4th) instar larvae increased
insignificantly with age when fed cotton plant leaves from both ambient and enriched CO,
regimes. Early and late Spodoptera littoralis larvae reared on high CO,-grown Gossypium
barbadens consumed 32.87%, 44.98% respectively more foliage than larvae reared on low
CO,-grown cotton plant. Larval duration for early and late larvae reared on high CO,-grown
plants was longer compared with ambient treatments. The Consumption rate (CR) was
decreased through the studied instars, with a high significant difference only between the 2nd
instars. There was a tendency for ECI and ECD to decrease with age for larvae fed leaves
from enriched CO, treatment. Differences in growth responses of early and late instar larvae
to lower nitrogen and high-CO, grown foliage may be due to the inability of early instar
larvae to efficiently process the increased flow of food through the gut caused by additional
consumption of high CO, foliage. Under enriched CO, regime cotton plant shoot and root
are significantly stimulate length, fresh and dry weights compared with ambient regime.

Key words: Spodoptera littoralis, Nutritional indices, Gossypium barbadens, CO,
enrichment, no choice experiment.

C. A. Ady-Dasbaas, B. M. Dabscaua. Bausnue 3¢ dexra odoramennoro CO,
OKypHMBaHHUs Ha B3auMMoOJieiicCTBHEe pacTeHHe—HAaceKOMoOe: MUTAHHE H POCT
ryCeHUIl PAaHHUX M TO3AHUX BO3PACTOB ErHNETCKOil XJONMKOBOIl COBKH
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Pe3tome. OOcyxznaercsi BIUSHHME IOBBIICHUS KOHLEHTPALMHM YIVIEKMCIOrO rasa Ha
B3aMMOJICHCTBHE PACTCHUH M PACTHTEIBHOSJIHBIX HACEKOMBIX. [l 3TOr0 I'yCeHUIbI eru-
TIETCKOM XJIOMKOBOM COBKHU Spodoptera littoralis (Lepidoptera: Noctuidae) pa3Boauauce Ha
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JUCThAX XJom4yatHuka Gossypium barbadens (Malvacae), BoipanieHHbix B atMocdepe CO,
IIpU HU3KOM U BBICOKOM JaBieHuu (cooTBeTcTBeHHO, 350 u 700 mm. pT. cT.). I'yceHunst
COBKH MJIAJIIINX W CTAapIIUX BO3PACTOB MOTPEOSLIN JIUCTHEB XJIOMYATHUKA, BBIPAIICHHOTO
npu moBbIMeHHOH KoHUeHTpauun CO,, Ha 32.87% u 44.98% coOTBETCTBEHHO OOJBIIE, IO
CPaBHEHHIO C BBIPAIICHHBIMHU [IPH HOPMAILHOM COAEPYKAHHUH YIJIEKHCIIOrO ra3a PacTeHHSIMU.
PasButHe ryceHHI MIaQIIMX W CTApLIMX BO3PACTOB 3aHMMAJO OOJIbILIE BPEMEHH MpH II0-
TpeOJICHUN JTUCThEB PACTCHUH, BBIPAILECHHBIX IPH MOBBIIEHHOM coaepxkanuu CO,. Hopma
notpebnenus muiu (CR) yMeHbIIanach y TyceHHI[ ¢ BO3PACTOM, MPUYEM HanOoJiee 3HAYU-
TENBHBIC PA3INYMsl OTMEUEHBI Y TYCeHUI 2-r0 Bo3pacTa. OTINYMs B POCTE TYCEHHUI] PAaHHUX
M TIO3/{HUX BO3PACTOB, NMUTAIOIINXCS BHIPAIIEHHBIM IIPH pa3HOil KoHneHTpanun CO, xjomyar-
HHUKOM, BEPOSITHO, 00YCJIOBIIEHO HECIIOCOOHOCTBIO TyCEHHI] MIIAJIIINX BO3PAcTOB 3 (HeKTHBHO
MepeBapuBaTh JHCThS KOPMOBOTO PACTEHHMs, BBIPAIICHHBIC MPU BBICOKOW KOHIIEHTPAIMH
YIJIEKUCIIOTO Ta3a.

INTRODUCTION

Research on the possible impact of enriched CO, has increased as more reliable scenarios
for climate change, according to Watt et al. (1995) the present atmospheric levels of CO, are
about 355 ppm to be double its current level by the end of 21* century, as a result of fossil
fuel consumption and land-use change (Houghton, 1992; Leakey et al., 2009; Goufo et al.,
2014). The rate of change of CO, concentration has accelerated with models predicting that
the CO, concentration will increase to 550 ml L™ by the middle of this century and climb up
to 800 ml L™ by the end of this century (Long & Ort, 2010; Feng & Cheng, 2014). Interactions
between herbivorous insects and their host plants are expected to be altered significantly as
atmospheric CO, concentrations continue to rise (Fajer, 1989; Bazzaz, 1990; Lincoln et al.,
1993). In Egypt, the most important fiber crop is the cotton Gossypium barbadens (C3 plant)
which have extra arid fibers which belongs to family Malvaceae and because of its economic
importance, the phytophagous insect Spodoptera littoralis (Lepidoptera: Noctuidae) larvae is
considered as a major and injurious pest of cotton in Egypt (Adham et al., 2005a, b). Thus,
an important consideration here is that enriched CO, will generally increase the C allocations to
roots in the cotton plant and the increase in root C will stimulate root growth (Rogers ef al.,
1992, 1994; Li, 2012). In general, the growth response to enriched CO, is greater in C3 species
than C4 species (Wand et al., 1999; Lee, 2011). For example, the yield of wheat (C3) increased
by 31 % with enriched CO, at 500-700 mL L™ in a Free Air CO, Enrichment (FACE)
facility (Mauney et al., 1994; Amthor, 2001; Jablonski ef al., 2002), whereas sorghum (C4)
yield was not increased in the same environment (Ottman et al., 2001). Lower foliar N content
due to elevated CO2 causes an increase in food consumption by herbivores by up to 40%
(Hunter, 2001). Many species of herbivorous insects will confront less nutritious host plants
under elevated CO,, which may induce both lengthened larval developmental times and
greater larval mortality (Coviella & Trumble, 1999). Increased levels of CO, will enhance
plant growth, but may also increase the damage caused by some phytophagous insects (Gregory
et al., 2009). However, when plants were exposed to enriched CO,, the growth rate of the
shoots increased together with an increase in the carbon allocation to roots, and this generally
increased the root-to-shoot C ratio (Ainsworth et al., 2003; Jin et al., 2012). The main aims
of the current study were: i) the prediction that plants grown in enriched CO, environments
are better able to compensate for biomass lost to herbivores choice behavior than plants grown
in ambient CO, environments. ii) to determine whether enriched CO, should affect the larval
feeding preference of a generalist insect, the cotton leaf worm (Spodoptera littoralis Boisd.)
and iii) whether the larval response including growth and nutritional indices and leaf preference
could be explained by the observed changes in the leaf character and morphology.
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MATERIALS AND METHODS
Study site and plant materials

The study was conducted at Department of Entomology experimental site, Cairo
University, Egypt 30°14'36” N, 31°12'36.5" E. The mean weakly maximum and minimum
relative humidity ranged between 65-76%, respectively. The mean monthly precipitation was
zero and the photoperiod was 14D : 10L. Cotton seeds of Gossypium barbadens (Giza 85)
obtained from Faculty of Agriculture, Cairo University and were germinated, 5 seeds/4 liter
soil, in plastic box containing sand and clay through summer season from May till September
during summer season. Fifteen days after germination, plants were randomly divided into 2
treatments, 20 replicate each, one for ambient (control) CO, regime (350 ppm) and the other
for the enriched treatment (700 ppm).

The first is the ambient CO, regime treatment where the plastic pots were placed in the
garden of the Department of Entomology, Faculty of Science, Cairo University. A certain
distance was observed between successive planting pots to avoid overlapping of green shoot
and to reduce mutual shading. A large muslin cloth net was set to cover most of the field area
to avoid severe damage to cotton by insect pests specially aphids. The harvested plants were
separated into root and shoot organs to measure their lengths. Roots were washed with water
to remove soil particles, and then blotted dry to measure the fresh weights.

The experimental design

Saplings of cotton plant pots were placed in a cuboid (80 / x 80 w x 80 /# cm) specially
designed glass house which was built for enriched CO, regime. Natural lightning was ranged
from 600 p mols™ to 2000 p mol™s” was primarily used. Although a white fluorescent
Philips® lamps, programmed to maintain a 12D: 12L li%ht regime, added additional light at
1000 pmol?s™ when light levels fell below 600 umol™s™” (Carlson & Bazzaz, 1980), The
temperature inside the glass house ranged between (35-38 °C) and it was controlled automa-
tically by a thermostat using a Traceable® Digital Thermometer (+ 1 °C accuracy, 1 digit
resolution). Relative humidity fluctuate between 70-85 %, CO, cylinders were used as a
source of CO, to maintain the concentration inside the glass house at 700 ppm. The flow rate
of inlet air stream of CO, was 0.1 1/min. no natural or artificial fertilizers were added to the
soil. Growing cotton plants were watered with tap water every 3 days and rotated within the
glass house within CO, treatment every week in order to minimize pseudo-replication and
glass houses effects. Cotton plant leaves were obtained from 45-75 day old cotton plants
from both ambient (350 ppm) (control) and enriched (700 ppm) CO, regimes and supplied
daily to the larvae during feeding experiments.

Monitoring of herbivore consumption

Newly 2nd and penultimate 4™ instar larvae of S. littoralis were used to form colonies.
Each CO, treatment had 5 replicates of 10 larvae/ plastic box (12 wx 6 & x 18 / cm) and each
replicate was treated as a single unit. Larval crowding was avoided since it may affect the
rates of feeding and growth. Clear and fresh cotton leaves from the two CO, regimes were
supplied every 24 hr. to the larvae. Uneaten leaves were removed and newly fresh ones were
provided. The initial weight of the leaves offered to the larvae was measured. The tested 2™
(early) and 4™ (late) instar larvae in each replicate were weighed daily as a group. The initial
and final fresh weights, fresh weight of feces, fresh weight of food ingested and the weight
gained were determined by using Mettler® analytical digital balance. The nutritional indices
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served as a means to detect more subtle effects in terms of larval feeding and food
conversion to biomass. No choice experiments were performed to determine consumption
and food utilization, the consumption rate (CR) and the efficiency of conversion of ingested
food to body substance (ECI), the efficiency of conversion of digested food to body substance
(ECD) and the approximate digestibility of food (AD) were determined. Whereas the (ECI)
is an overall measure of an insect's ability to utilize the food ingested for growth. ECI varies
with both the digestibility of the food and the proportion of digestible food that is converted
to body substance and energy. The ECD provides more information about the use of food for
energy. The AD finally provides information about the digestibility of the food offered (Wal-
dbauer, 1968). Exuviae were measured with faeces since they are not a part of the insect at
the end of the experiment (Reese & Beck, 1976).

Statistical analysis

Data were analyzed using one way analysis of variance (ANOVA) and Duncan’s multiple
range test and were presented as mean + SE. Statistical computations were performed using
SAS program (Anonymous, 2000).

RESULTS AND DISCUSSION
Growth responses of early and late instar larvae

Data presented in Table 1 showed that the mean larval fresh weight of the early (2") and
late (4™ instar larvae increased insignificantly with age when fed cotton leaves cotton plant
leaves from both ambient and enriched CO, regimes. The mean fresh weight of the 2™ instar
larvae was 26.67% (P < 0.05) lower than that of larvae fed cotton leaves at ambient CO,
treatment. However, fresh weight of the late (4™) instar larvae was higher by 15.6% when fed
cotton leaves grown under enriched CO, treatment compared with ambient treatment (Table
D).

Early and late instar S. littoralis larvae reared on high CO,-grown Gossypium barbadens
consumed 32.87%, 44.98% respectively more foliage than larvae reared on low CO,-grown
cotton plant (Table 1).

Despite insignificant difference in larval duration between ambient and enriched CO,
treatments, larval duration for early and late larvae reared on high CO,-grown plants was
longer compared with ambient treatments (Table 1). Plant quality are important in under-
standing plant-insect herbivore interactions under enriched CO, environments because insect
feeding and growth are a function of both the variation in nutrition between plants and the
variation in response to plant quality by insects. Fajer (1989) stated that foliar nitrogen
concentrations probably responsible for the changes in the feeding behavior of the early and
late instar buckeye larvae reared on high CO,-grown foliage and "high quality" food may be
even less available under enriched CO, environment. Although late S. littoralis larvae con-
sumed additional high CO,-grown leaves, they showed slower growth with longer larval
duration (Table 1). Reduced growth of late instar larvae on a high CO,-grown diet probably
resulted from their inability to fully compensate for the diet's reduced nitrogen; they were
forced to metabolize food at higher flow rates, such as when they consumed additional high
CO grown foliage, they could not process enough food effectively to compensate for lower
nitrogen concentrations (Rogers ef al., 1994; Davis & Potter, 1989).
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Table 1. Growth response of the 2™ and 4" instar larvae of cotton leaf worm Spodoptera
littoralis fed cotton plant leaves grown under ambient (350 ppm) and enriched (700 ppm)

CO, regimes

Treatment .
(ppm) CO; Regime (Mean + SE) P
R R value*

Larval instar Ambient (350 ppm) Enriched (700 ppm)

2" instar
Duration (days) 4+0.158° 4.05+0.166" N
Fresh weight (gm) 0.033 +0.002° 0.045 £ 0.004° S
Weight gain (gm) 0.041 + 0.003* 0.044 £0.006* N
Fresh weight of feces (gm) 0.008 = 0.001* 0.009 +0.001* N
Fresh weight of food 0.073 +0.001° 0.049 + 0.002" HS
ingested (gm)

4™ instar
Duration (days) 4.4+0.187° 48 £0.2° N
Fresh weight (gm) 0.891+0.103* 0.771 £0.101* N
Weight gain (gm) 0.913+£0.126° 0.771 £ 0.095? N
Fresh weight of feces (gm) 0.364 +0.013* 0.207 +0.012° HS
Fresh weight of food 1.296 + 0.092° 0.713+£0.156" HS
ingested (gm)

* HS — highly significant (P < 0.01); S — significant (P < 0.05); N — insignificant (P > 0.05).

Table 2. Nutritional indices of the early (2™) and late (4™) instar larvae of the cotton leaf worm
Spodoptera littoralis fed cotton plant leaves from ambient and enriched regimes in no-choice

feeding assays

Treatment CO; Regime (Mean = SE)

(ppm) p
Larval instar . . value*

Ambient (350 ppm) Enriched (700 ppm)

2" instar
CR (mg/ day) 0.559£0.045*° 0.283 +0.03° HS
GR(mg /day) 0.312 £ 0.005* 0.244+0.011° S
ECI (%) 56.154 £ 4.712% 90.965 % 9.696° HS
ECD(%) 63.571 £4.801* 112.646 + 8.834° HS
AD(% 89.886 £ 0.872° 81.687 +1.053*° N
4™ instar
CR (mg /day) 0.344 £0.033° 0.256 £0.03*% N
GR(mg/ day) 0.232£0.004° 0.202 + 0.009° N
ECI(%) 70.334 + 8.145? 85.76 £8.214% S
ECD(%) 98.697 £ 11.495% 112.151 £9.625% S
AD(%) 71.545+1.896% 76.4+2487" N

* HS — highly significant (P < 0.01); S — significant (P < 0.05); N — insignificant (P > 0.05).
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Table 3. Growth criteria of cotton plant shoot Gossypium barbadens (Malvaveae) grown
under ambient (350 ppm) and enriched (700 ppm) CO, regimes

Treatment (ppm) CO, Regime (Mean + SE) P
Time of "
Harvest (days) Ambient (350 ppm) Enriched (700 ppm) value
Shoot length (cm)
15 9.133+0.3182 13.8+0.173° HS
30 14.233 £0.549° 22.66 + 1.244° S
45 27.933 +0.821° 35.133 +£0.809° S
60 37.767 + 0.636° 47.567 £ 0.968° HS
75 43.966 £ 1.651° 67.233 +2.794° HS
Shoot fresh weight (gm)
15 2311 £0.059 4.633+0.101° HS
30 8.25+0.561° 11.303 £0.712° S
45 39.052 +3.517° 62.976 + 5.402° HS
60 72.904 +3.281° 110.656 + 9.425" S
75 194.949 + 5.67° 279.279 £ 8.79° HS
Shoot dry weight (gm)
15 0.226 + 0.003 2 0.709 = 0.027° HS
30 1.661 +0.084*° 2.136+0.138° S
45 8.771 +0.416° 12.871 £0.987° S
60 17.183 £0.936° 22.634 £2.445° S
75 35.588 + 1.328° 59.254 +2.758° HS

* HS — highly significant (P < 0.01); S — significant (P < 0.05).
Larval performance and nutritional indices

The consumption rate (CR) of 2™ and 4™ instar larvae were significantly (P < 0.05) lower
than those reared on ambient CO, treated leaves and consumed, on average, an additional
49.4%, 25.6% respectively. Growth rates (GR) of 4™ instar larvae were lower when fed
foliage from the two CO, regimes (Table 2). Reduced larval growth rates, such as those
induced by the high CO,-grown diets in this study, may prevent larvae from completing
development in climatically limited environments with short growing seasons (Watt et al.,
1995; Davis & Potter, 1989). Reduced growth rates of the larvae fed enriched CO,-grown
leaves may also increase their exposure to predators and parasitoids (Ottman et al., 2001;
Carlson & Bazzaz, 1980; Davis & Potter, 1989).

From the results obtained it appeared that there was a tendency for food conversion
efficiency (ECI and ECI) to decrease with age for larvae fed leaves from enriched CO,
treatment. Our result was confirmed with that of Lindroth et al. (1993) in which they stated
that low efficiency of conversion of digested food may result from a requirement of these
insects to metabolize digested food in order to produce water. In contrast with early instar
larvae insignificant differences in (ECI) and (ECD) were observed when 4" instar larvae fed
foliage from the two CO, regimes. Other nutritional indices, approximate digestibility (AD),
decreased insignificantly with age for both early and late instars fed cotton plant leaves from
ambient and enriched CO, regimes (Table 2).
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Table 4. Growth criteria of cotton plant root Gossypium barbadens (Malvaveae) grown under
ambient (350 ppm) and enriched (700 ppm) CO, regimes

Treatment CO, Regime (Mean + SE)
(ppm) P
Time of Ambient (350 ppm) Enriched (700 ppm) | YA1U¢”
Harvest (days)
Root length (cm)
15 5.7+0451° 7.233+£0.921° N
30 6.766 £0.669 * 11.133 £0.088"° HS
45 7.267 £ 0.895° 15.033 = 1.615° S
60 12.233 £ 0.677* 18.667 & 1.424° S
75 16.966 = 0.7052 23.833+0.727° HS
Root fresh weight (gm)
15 0.357 + 0.026° 0.397+0.016° N
30 0.9+0.023° 1.429 +0.089° S
45 4.612 +0.506° 8.018 +0.943° S
60 9.393 +0.255% 14.678 £ 0.741° HS
75 23.002 £ 0.963 2 40.776 £ 2.245" HS
Root dry weight (gm)
15 0.038 + 0.0022 0.055 + 0.002° HS
30 0.181 £ 0.01° 0.312 +0.03° S
45 0.705 + 0.0392 1.727 £ 0.134° HS
60 1.924 +0.035 3.76 £0.145° HS
75 5.114+04° 11.112 £ 0.989° HS

* HS — highly significant (P < 0.01); S — significant (P < 0.05); N — insignificant (P > 0.05).

Previous studies confirmed that most leaf-chewing insects exhibit compensatory increase
in food consumption (Lee, 2011). Insects, when fed on elevated CO2 grown plants, were
shown to increase their individual consumption due to the poor food quality of these plants
(Coviella & Trumble, 1999; Houghton et al., 1992).

Shoot and Root morphology traits under enriched CO,

Treatment with enriched CO, regime caused a significant stimulation in the cotton plant
shoot and root, which showed a rapid growth and significant increase with age from day 15
until day 75 in length , fresh and dry weights compared with that of ambient CO, (Tables 3,
4). These results are confirmed with that of Stitt & Krapp (1999) who stated that the photo-
synthesis and growth of many plants are stimulated when plants are grown under elevated
CO, condition and reduction in leaf N content in plants grown at elevated CO,, due to faster
growth of the plant. This leads to greater root and shoot dry weight and greater root length
(Coviella et al., 2000; Jin et al., 2012) and occasionally to improved yields (Ainsworth et al.,
2003; Stitt & Krapp, 1999; Mauney et al., 1994). Increased photosynthesis rates can result in
more biomass accumulation and the potential compensatory response to insect feeding
depend strongly on the availability of nutrients for plant growth (Williams et al., 1981;
Johnson & Lincoln, 1990; Mitchell et al., 1993; Adham et al., 2005b; Mauney et al., 1994;
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Sudderth et al., 2005). Plants grown in enriched CO, environments had significantly greater
shoot weights, leaf areas, and root weights, than plants grown in ambient CO, environments
(Fajer, 1989). Increase in atmospheric levels of CO, can cause increases in plant growth
rates, and changes in the physical and chemical composition of their tissues (Stockle, 1992).
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