Performance of the newly invasive fall armyworm Spodoptera frugiperda on different food plants
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Abstract
The influence of four food plants (corn, peanut, soybean and sugarcane) on life-history traits of the fall armyworm (FAW) Spodoptera frugiperda was examined in the laboratory at 25±1 °C and a photoperiod of L:D 15:9 (15 h light:9 h dark). The leaf contents of the total flavonoids, reducing sugars, sucrose and C/N ratio were also tested. The FAW fed on corn leaves showed significantly shorter larval and pupal development times, larger body weight, higher growth rate, lower weight loss, smaller SSD, shorter preoviposition period and higher fecundity than those fed on peanut, soybean and sugarcane leaves. However, FAW successfully completed its whole life cycle and exhibited higher fecundity in peanut, soybean and sugarcane. The FAW showed a protogyny phenomenon because the pupal development stage was significantly longer in males than females. There was a positive relationship between pupal weight and fecundity. However, the relationships between larval development time and pupal weight and between fecundity and longevity were different among different food plants. The leaf contents of the total flavonoids, reducing sugars, and sucrose and the C/N ratio differed significantly among the different food plants. We discuss the influences of these leaf nutritional contents on larval development time and pupal weight. These findings can help us to better understand the variation in life-history traits of the FAW and may be critical for the development of strategies to predict infestation levels.
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1. Introduction
The fall armyworm (FAW) Spodoptera frugiperda (J. E. Smith) is a polyphagous and migratory pest native to the tropical and subtropical regions of the Americas, where it is well recognized as a key pest of corn (Barfield et al. 1978; Sparks 1979; Garcia et al. 2018). In January 2019, the corn strain of FAW first invaded Jiangcheng County in Yunnan Province in southwestern China and was found harming winter corn (Yang et al. 2019). Within six months, the FAW subsequently spread to 129 counties of Yunnan Province. In addition to the preferred host of corn, FAW caterpillars also damage wheat, sugarcane, ginger, dry rice, oilseed rape, highland barley and sorghum (Han et al. 2021). Thereafter, the FAW spread rapidly across 26 provinces of China and harmed 15 crop plants (Jiang et al. 2019). In the United States, the FAW cannot survive the winter in temperate North America but can overwinter in southern Florida and southern Texas (Barfield et al. 1978; Johnson 1987), where hosts are continually available (Sparks 1979). The FAW has invaded China for the past three years. Field investigations conducted in tropical and subtropical regions of China indicate that FAW can overwinter as larvae or pupae in the tropical and south subtropical regions of China, including Hainan, Taiwan and the southern area of Fujian, Guangdong, Guangxi, Guizhou, and Yunnan (Yang et al. 2021). The moths that emerge from the tropical and southern subtropical regions of China could be the source population that migrates to the Yangtze River Valley, northern China, and northeastern China in summer. 

It is well known that components of host plants (e.g., the levels of nitrogen, carbon, trace elements, and defensive compounds) greatly differ among plant species (Awmack and Leather, 2002). Consequently, the performance and fecundity of individual herbivorous insects are strongly affected by the components of the host plant (McCormick et al., 2019). It has also long been recognized that within species of polyphagous herbivores, individuals may prefer or have greater fitness on one host than on others within the species range. Such intraspecific specialization can be caused by either genetic differences or the effects of experience (conditioning) on a given host plant (Via 1991). The performance of FAW on different food plants has been examined to a certain extent under laboratory conditions in China (Huang et al. 2019; Li et al. 2019; Xu et al. 2019; Sun et al. 2020; He et al. 2020; Guo et al. 2021; Liu et al. 2021; Su et al. 2022). All results showed that FAW larvae fed on corn leaves had better performance than those fed on other leaves of host plants in terms of the development time, body weight and fecundity. Field investigations also showed that FAW invaded almost all corn belts within a year and caused major damage to corn (Jiang et al. 2019). These results also suggest that the leaf nutritional contents of corn are most suitable for FAW oviposition and the development of their offspring. Therefore, a comparison of leaf nutritional contents among different food plants may be helpful to evaluate which nutritional compositions exert the greatest effects on the development time, body weight and fecundity of FAW.
In the present study, we systematically investigated the development, survival rate, mating success and fecundity of FAW on four different food plants to assess the effects of food plants on the life-history traits of FAW. Furthermore, the contents of total flavonoids, reducing sugars, and sucrose and the carbon:nitrogen (C:N) ratios in the leaves of the four different food plants were tested.
2 Materials and methods
2.1. Insect material and culture

Nearly 100 full-grown larvae of S. frugiperda (offspring of the invasive generation) were collected from different corn fields in the suburbs of Nanchang (28° 46′ N, 115° 50′ E), Jiangxi Province, China in early June 2021. These larvae were individually reared in Petri dishes (height 2.0 cm; diameter 9.0 cm) containing moistened filter paper and a piece of fresh corn leaf (Zea mays) until adult eclosion occurred under natural conditions. The Petri dishes were checked daily and supplied with new fresh leaves when needed (the same below). On the day of adult emergence, the adults were sexed, and pairs of males and females were transferred into sealed plastic bags (20×30 cm) filled with air for mating and oviposition. Cotton balls moistened in sugar solution (10% honey mixed in 90% water by volume) were placed in sealed plastic bags to nourish the adults (the same below). The egg masses were collected daily in Petri dishes and were used to conduct the experiments. The eggs were observed daily until hatching.
2.2. Plant cultivation
Seeds of the corn variety (Tiannuo 182) of Zea mays, the peanut variety (Changhua 18) of Arachis hypogaea, the soybean variety (Zhonghuang 37) of Giycine max, and the sugarcane variety (Guangxi Heipi) of Saccharum officinarum were planted side by side in one field at the experimental station of Jiangxi Agricultural University in early May 2021. After the four food plants had grown for more than one month, their leaves were used to rear FAW larvae.
2.3. Measurement of nutrient contents in leaves in different food plants
2.3.1. Determination of total flavonoid content
Ten grams of sample was extracted twice with 70 ml of 95% ethanol (2×70 ml) at room temperature for 2 h and combined. Then, the ethanol extract was re-extracted with petroleum ether (PEE) twice to remove the fat solution. The amount of solvent was 1/2 of the extract. After degreasing, the volume was concentrated and fixed to 50 ml to obtain the plant leaf extract. The total flavonoid contents of the four extracts were measured by an aluminum chloride colorimetric assay based on the formation of a flavonoid-aluminum complex with a maximum absorbance at 510 nm (Akrout et al. 2011).

2.3.2. Determination of sucrose and reducing sugar contents

Twenty grams of sample was extracted with 50 ml of 80% ethanol at 70 °C for 3 h and filtered. The residue was reextracted three times with 20 ml of 80% ethanol at 70 °C for 3 h, and the ethanol extract was combined and concentrated to a final volume of approximately 500 ml and then concentrated and dried under vacuum pressure. The reducing sugar and sucrose contents of the four extracts were measured and calculated by direct titration as described by GB 5009.7-2016.
2.3.3. Determination of the C/N ratio

The total amounts of N and C in the four kinds of leaves were determined by catalytic tube combustion using the Vario Macro elementar CHN-S-O analyzer, which is a macroelement analyzer applicable to either nonuniform or low element content samples such as vegetation and is able to simultaneously determine nitrogen and carbon in samples. The C/N ratio was calculated as the quotient of total carbon over total nitrogen.

All the tests were completed by the Technology Centre of Nanchang Customs.
2.4 Experimental design and measurement methods of life-history traits of FAW
The newly hatched larvae from egg masses were randomly transferred to 16 transparent plastic boxes (18.5×13.5×6.5 cm) and reared on leaves of four different food plants (corn, peanut, soybean and sugarcane). There were 4 boxes for each food plant with 70 larvae in a box. The boxes were transferred to four illuminated incubators (LRH-250-GS, Guangdong Medical Appliances Plant, Guangdong, China) with a constant temperature of 25±1 °C and a photoperiod of L:D 15: 9 (15 h light: 9 h dark). After development to the second instar stage, the larvae were individually transferred from boxes to Petri dishes (height 2.0 cm; diameter 9.0 cm). Each larva was reared in a Petri dish containing moistened filter paper, and fresh leaves were collected in one field until adult eclosion occurred. A total of 250 larvae were observed for each food plant. Larvae from one box were regarded as one replicate, and there were four replicates for each food plant.
The following traits were recorded for all individuals: larval and pupal developmental times and pupal and adult weight. Larval and pupal survival rates were determined. The pupae were weighed on the day following pupation, and adults were weighed after the release of the meconium. We used an electric balance (AUY120, SHIMADZU Corporation, Japan). The growth rate was calculated as ln (pupal weight)/larval development time (Gotthard et al., 1994). The weight loss between pupation and adult eclosion was calculated using the formula: proportional weight lost = l － (adult weight/pupal weight). The SSD was estimated for each food plant using the Lovich and Gibbons (Lovich and Gibbons 1992) index, in which SSD = (size of the larger sex/size of the smaller sex)－1.

After the adults emerged from the different food plants, each of the 25 pairs of moths for each food plant was transferred to sealed plastic bags with cotton balls moistened in sugar solution for mating and oviposition. The adults were maintained in a rearing room at 26 ± 2 °C, 70 ± 15% RH, and natural day lengths. The egg masses were collected daily, and the number of eggs was counted. The plastic bags were replaced daily until the adults died. Adult developmental metrics, including the mating success, preoviposition and oviposition periods, fecundity, and adult longevity, were recorded. Egg masses produced during the first 3 days were collected in Petri dishes to observe the hatching rate.
2.3 Statistical analysis

Statistical analyses were performed with SPSS 19.0 (SPSS Inc., IBM). Life history traits were analyzed in relation to food plants and sex with the linear mixed model. One-way ANOVA was used to determine whether there were significant differences in life history traits and in leaf nutrient contents in different food plants. Tukey’s HSD multiple tests were used to compare the differences in life history traits between sexes in each food plant. Sex ratios (represented as the proportion of females) were analyzed using a binomial distribution test following a nonparametric test. ANOVA was used to analyze the effect of larval rearing food plants on mating success, preoviposition time, oviposition time and female fecundity and to determine if the leaf nutritional contents were significantly different among different food plants. The correlations between development time and body weight, adult weight and fecundity and adult fecundity and longevity were calculated using linear regression analysis. 

3. Results
3.1. Developmental time and survival rate
Larval development time was significantly affected by food and sex but not by their interaction (Table 1). The larval development times for both females (14.8 d) and males (14.9 d) fed on corn leaves were shortest and significantly shorter than those for females fed on peanut (19.0 d for females, 19.8 d for males), soybean (19.8 d for females, 20.4 d for males) and sugarcane leaves (23.6 d for females, 24.2 d for males) (Fig. 1A, P < 0.05). No significant difference was found in larval development time between the sexes fed on corn (t = -0.935, df = 239, P > 0.05), but significant differences were found between the sexes fed on peanut (t = -3.698, df = 225, P < 0.05), soybean (t = -2.382, df = 231, P < 0.05) and sugarcane (t = -2.612, df = 221, P < 0.05), with female larval development times being significantly longer than those of males (Fig. 1A, P < 0.05, see also S1 Table). Pupal development time was significantly affected by food, sex and their interaction (Table 1). The pupal development times for both females and males on corn were shortest and significantly shorter than those on peanut, soybean and sugarcane (Fig. 1B). The male pupal times were significantly longer than the female pupal times on all food plants (Fig. 1B, P < 0.05, see also S1Table). Pupal development took 8.9 days for females and 10.5 days for males on corn (t = -22.640, df = 219.967, P < 0.05), 9.1 days for females and 11 days for males on peanut (t = -22.634, df = 221.167, P < 0.05), 9.6 days for females and 11.1 days for males on soybean (t = -19.077, df = 231, P < 0.05) and 9.5 days for females and 11.1 days for males on sugarcane (t = -22.002, df = 219.179, P < 0.05), indicating a protogyny phenomenon.
The larval survival rates were significantly different among the four different food plants (F3, 12=13.532, P < 0.05). The larval survival rate was highest on corn (97.6%), followed by peanut (96.8%), soybean (96.0%) and then sugarcane (92.7%) (Fig. 2A). The pupal survival rate was not significantly different on any of the food plants (F3, 12=0.920, P > 0.05), with the pupal survival rate being highest on corn (98.7%), followed by peanut (98.3%), soybean (97.1%) and then sugarcane (96.0%) (Fig. 2B).
3.2. Pupal weight and growth rate
Pupal weight was significantly affected by food, sex and their interaction (Table 1). Male pupae were significantly larger than female pupae on all food plants (t = -2.390, df = 239, P < 0.05 for corn; t = -2.390, df = 239, P < 0.05 for peanut; t = -2.390, df = 239, P < 0.05 for soybean; t = -2.390, df = 239, P < 0.05 for sugarcane) (see Table S1), showing a male-biased SSD. The pupal weights for both sexes were significantly larger on corn (173.6 mg for females, 180.3 mg for males) than on peanut (147.6 mg for females, 161.3 mg for males), soybean (158.3 mg for females, 169.3 mg for males) and sugarcane (147.4 mg for females, 168.8 mg for males) (Fig. 3A, P < 0.05).
Growth rate was significantly affected by food and sex but not by their interaction (Table 1). The growth rates for both sexes were highest on corn and were significantly higher than those on peanut, soybean and sugarcane (Fig. 3B, P < 0.05). There were no significant differences in growth rate between the sexes on any of the food plants (P > 0.05, see also S1Table).
3.3. Adult weight and weight loss
Adult weight was significantly affected by food (Table 1). The adult weights for both sexes were significantly larger on corn than on peanut, soybean and sugarcane (Fig. 4A, P < 0.05). Adult weight was not significantly different between the sexes on corn, peanut and soybean (P > 0.05), but male weight was significantly greater than female weight on sugarcane (t = -2415, df = 211.107, P < 0.05).
Proportional weight loss from pupae to adults was significantly affected by food and sex but not by their interaction (Table 1). Weight loss for both sexes was lowest on corn, which was significantly lower than those on peanut, soybean and sugarcane (Fig. 4B). Male pupae lost significantly more weight at metamorphosis than did females on all food plants (t = -7.692, df = 239, P < 0.05 on corn; t = -10.069, df = 236, P < 0.05 on peanut; t = -6.313, df = 231, P < 0.05 on soybean; t = -5.974, df = 211, P < 0.05 on sugarcane).
3.4. Sex ratio and sexual size dimorphism
No significant differences in the sex ratios were found among food plants (F3, 12 = 1.578, P > 0.05) (Fig. 5). The sex ratios (female:male) were 57.5:42.5 on corn, 50.2:48.8 on peanut, 59.0:41.0 on soybean and 50.5:49.5 on sugarcane.
There were significant differences in the SSD index among the different food plants (F3,12 = 6.564, P < 0.05). The SSD indices of pupae on corn were smallest (0.040), followed by those on soybean (0.067), peanut (0.093) and sugarcane (0.139) (Fig. 6).
3.5. Biology of mated females
Table 2 shows the biology of mated females on different food plants. The mating success rate was not significantly different among the different food plants (F3, 8 = 0.333, P > 0.05). The mating success rates were 95.8% on corn, 100% on peanut, 95.8% on soybean and 95.8% on sugarcane. The preoviposition period was shortest on corn (2.9 d) and significantly shorter than on peanut (3.5 d), soybean (4.3 d) and sugarcane (3.9 d). There were no significant differences in the oviposition period among the different food plants (F3, 93 = 0.783, P > 0.05). Female longevity was significantly different among different food plants (F3, 93 = 5.219, P < 0.05). The female longevity was longest (14 d) on soybean, which was significantly longer than on corn (12.3 d), on peanut (12.3 d) and on sugarcane (11.8 d).
Food plants significantly affected female fecundity (F3, 93 = 10.067, P < 0.05). The highest egg production per mated female was found on corn (1798.5 eggs), which was significantly higher than those on peanut (1416.1 eggs), soybean (1500.3 eggs) and sugarcane (1181.8 eggs). Food plants also significantly affected the hatching rate (F3, 198 = 7.793, P < 0.05). The hatching rate was highest on corn (96.5%), which was significantly higher than those on peanut (95.2%), soybean (94.7%) and sugarcane (93.4%).
3.6. Relationship of life-history traits
For both female and male individuals reared on leaves of corn, soybean and sugarcane, a longer larval period tended to result in larger pupae (Fig. 7A, C and D), showing a positive relationship between larval development time and pupal weight. However, for individuals reared on leaves of peanut, a longer larval period tended to result in smaller pupae (Fig. 7E), showing a negative relationship between the two traits.

For individuals reared on all food plants, a larger female pupal weight tended to result in higher fecundity (Fig. 8), showing a positive relationship between pupal weight and fecundity. A significant positive relationship was detected between the two traits on peanut and sugarcane (P < 0.05).
For individuals reared on corn, peanut and soybean, a higher fecundity tended to shorten longevity, showing a negative relationship between fecundity and longevity (Fig. 9). However, there was no relationship between the two traits when larvae fed on leaves of sugarcane.
3.7. Nutrient contents in leaves of different food plants
There were significant differences in leaf nutritional components among the different food plants (Table 3). The leaf content of the total flavonoids was significantly lower in corn than in soybean, sugarcane and corn (F3, 8 = 8818.750, P < 0.05). The leaf contents of reducing sugars and sucrose were significantly higher in corn than in peanut, sugarcane and soybean (F3, 8 = 4224.818, P < 0.05 for reducing sugars; F3, 8 = 213.340, P < 0.05 for sucrose). The leaf C/N ratio was significantly higher in sugarcane than in corn, peanut and soybean (F3, 8 = 149.833, P < 0.05).
4. Discussion
The quality of host plants as food for insect herbivores varies from plant to plant and has a significant influence on the performance of phytophagous insects (Awmack and Leather, 2002). The present results showed that there were significant differences in life-history traits among S. frugiperda groups fed on different food plants. The FAW showed excellent performance in its life-history traits on corn leaves, with significantly shorter larval and pupal development times, larger body weight, higher growth rate, lower weight loss, smaller SSD, shorter preoviposition period and higher fecundity compared with those groups feeding on the leaves of peanut, soybean and sugarcane. It was further confirmed that the corn leaves were the best diet for the FAW. This may be the reason why the FAW mainly infests corn plants. Our results also showed that the FAW successfully completed its whole life history and showed higher fecundity on peanut, soybean and sugarcane. However, the field investigations showed that the FAW infested only corn plants, without infesting peanut, soybean and sugarcane plants even during the pest outbreak. It seems that the FAW females only choose to oviposit on corn plants where larvae will thrive. To confirm this hypothesis, more extensive field surveys are needed.
The FAW has invaded Jiangxi Province, Southeast China (from 24.5°N, 113.6°E to 30.08°N, 118.5°E) for the past three years. Although the FAW displays a very wide host range, one of its main host plants in Jiangxi Province is still field corn. In a few areas, FAW has been found to cause mild damage to sugarcane and Pennisetum. Given that the FAW successfully completed its whole life history and had higher fecundity on peanut, soybean and sugarcane, it may pose a potential threat to these host plants if the FAW could choose to oviposit on them. It is also possible that FAW may harm peanuts, soybeans and sugarcane when corn food plants are scarce and may eventually form different populations adapted to different host plants. A typical example is the polyphagous aphid Myzus persicae, in which certain races have recently adapted to feeding on tobacco (Bass et al. 2013). Therefore, it is necessary to pay close attention to tracing the occurrence dynamics of the FAW on peanut, soybean and sugarcane under field conditions.
Most insects exhibit SSD, most frequently with females being larger than males (88% species), and only 7% of insect species with SSD have larger males than females (Stillwell et al. 2010). In Lepidoptera, 73% of species show female-biased SSD, whereas only 6% of species have larger males than females (Stillwell et al. 2010), such as the diamondback moth Plutella xylostella (Uematsu and Morikava, 1997), the tobacco cutworm Spodoptera litura (Li et al., 2014), and the cotton bollworm Helicoverpa armigera (Chen et al. 2014). In the present study, the FAW also showed male-biased SSD on all food plants, consistent with previous studies (Huang et al. 2021; Liu et al. 2021). Furthermore, we found that the SSD index was significantly different among different food plants. The SSD index was smallest on corn, followed by soybean, peanut and sugarcane, suggesting an influence of food plants on SSD. In FAW, females emerged earlier than males on all food plants, showing the protogyny phenomenon. This is also consistent with previous studies (Huang et al. 2021; Liu et al., 2021). That females emerged earlier than males is because female pupae developed significantly faster than male pupae. The difference in pupal development time between the sexes might be related to pupal weight because larger male pupae may need more time to develop to the adult stage. However, the biological reason for this emergence pattern is still not well understood in insects. It may be a strategy to reduce inbreeding (Li et al. 2014) or may represent an evolutionary strategy to promote mating between individuals from distinct populations (Uematsu & Morikava, 1997; Bento et al. 2006).
An interesting finding in this study is that different food plants can change the relationship between larval development time and body weight. When larvae fed on the leaves of corn, peanut and soybean, a positive relationship was observed between larval development time and body weight. However, when larvae fed on sugarcane leaves, the relationship between the two traits was negative. Furthermore, we found that a significantly shorter larval development time resulted in a significantly larger pupal weight on corn than on peanut, soybean and sugarcane. Similar results were also found in the rice stem borer Chilo suppressalis. Larvae reared with rice plants showed significantly longer larval development time and attained significantly smaller pupae than those fed with water-oats (Xiao et al. 2005), and larvae fed on live rice plants obtained significantly shorter larval development time and significantly larger pupa weight than larvae fed on fresh rice stems (Huang et al. 2018).
The fecundity advantage hypothesis suggests that larger females produce more offspring than smaller females (Honek, 1993; Andersson, 1994; Omkar and Afaq, 2013). Our data support this hypothesis. The FAW exhibited a positive relationship between adult weight and adult fecundity on all food plants. Similar results were also found in some lepidopteran species (Miller 1957 for the spruce budworm Choristoneura fumiferana; Bessin and Reagan 1990 for the sugarcane borer Diatraea saccharalis; Spurgeon et al. 1995 for the Mexican rice borer Eoreuma loftini; Luo et al. 1995 for the oriental armyworm Mythmna separate; Calvo and Molina 2005 for the moth Streblote panda; Zhang et al. 2012 for the diamondback moth Plutella xylostella).
We also found that the relationship between fecundity and longevity was different among different food plants. A negative relationship between the two traits was found when larvae were reared on leaves of corn, peanut and soybean, i.e., the females that reproduced more lived shorter lives, the so-called "cost of reproduction" (Williams, 1966). However, no relationship between the two traits was found when larvae were reared on sugarcane leaves.
Based on the tests of leaf nutritive components, we found that the leaf contents of the total flavonoids, reducing sugars, and sucrose and the C/N ratio differed significantly among the different food plants. Given that development time and body size were two of the most important correlated life history traits, we discuss the influence of these leaf nutritive components on the two traits. We found that larval development time tended to shorten with increasing reducing sugar and sucrose contents (on corn leaves: 14.8 days for females vs. 5.62 mg/g for reducing sugar and 18.37 mg/g for sucrose; on peanut: 19 days for females vs. 4.96 mg/g for reducing sugar and 14.21 mg/g for sucrose; on soybean: 19.8 days for females vs. 13.12 mg/g for reducing sugar and 11.49 mg/g for sucrose; on sugarcane: 23.6 days for females vs. 4.06 mg/g for reducing sugar and 12.45 mg/g for sucrose). These findings suggest that the leaf contents of reducing sugars and sucrose may have an important influence on larval development time. We found that the content of total flavonoids was lowest in corn leaves (0.20 mg/g), whereas pupal weight was highest (173.64 mg for female pupae and 180.28 mg for male pupae). In contrast, the content of total flavonoids was highest in peanut leaves (1.36 mg/g), whereas pupal weight was lowest (147.57 mg for female pupae and 161.31 mg for male pupae). This suggests that the total flavonoid content may have an important influence on pupal weight. The C/N ratio in leaves may affect both larval development time and pupal weight. Larval development time tended to shorten with increasing C/N ratio among corn (23.38), peanut (10.97) and soybean (8.41). The C/N ratio in sugarcane leaves was highest (21.79), but the larvae fed on sugarcane leaves had a significantly longer development time (23.6 days for females and 24.2 days for males) with relatively small pupal weight. These results suggest that the C/N ratio may have important influences on both larval development time and pupal weight. Of course, more detailed studies are needed to confirm which nutritional compositions exert the greatest effects on development time and body weight. Furthermore, it is known that the nutritive components of leaves can interact with each other and with secondary metabolites to affect insect performance and fitness (Simpson and Raubenheimer 2001; Cotter et al. 2010; Wilson et al. 2019).
5. Conclusion
Our studies showed that the performance of FAW on the four food plants was significantly different. The FAW fed on corn leaves performed much better in its life-history traits than those fed on the leaves of peanut, soybean and sugarcane. The FAW successfully completed its whole life cycle and exhibited higher fecundity on peanut, soybean and sugarcane. The FAW showed a protogyny phenomenon on all food plants. The FAW fed on different food plants exhibited different relationships between larval development time and pupal weight and between fecundity and longevity. The leaf contents of the total flavonoids, reducing sugars, and sucrose and the C/N ratio differed significantly among the different food plants. These findings can help us to better understand the variation in life-history traits of the FAW and may be critical for the development of strategies to predict infestation levels.
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Table 1 Results from a linear mixed-model analysis of fixed factors on larval time, pupal time, pupal weight, growth rate, adult weight and weight loss rate in Spodoptera frugiperda in relation to food and sex

	Life-history traits
	Fixed factors
	df
	F value
	P value

	Larval time
	Food
	3
	1329.456
	< 0.001

	
	Sex
	1
	25.815
	< 0.001

	
	Food × sex
	3
	2.162
	0.091

	Pupal time
	Food
	3
	66.285
	< 0.001

	
	Sex
	1
	1846.609
	< 0.001

	
	Food × sex
	3
	7.149
	< 0.001

	Pupal weight
	Food
	3
	46.412
	< 0.001

	
	Sex
	1
	80.865
	< 0.001

	
	Food × sex
	3
	4.403
	0.004

	Growth rate
	Food
	3
	1863.062
	< 0.001

	
	Sex
	1
	2.702
	0.101

	
	Food × sex
	3
	1.291
	0.276

	Adult weight
	Food
	3
	62.903
	< 0.001

	
	Sex
	1
	0.247
	0.619

	
	Food × sex
	3
	3.633
	0.013

	Proportionate weight loss
	Food
	3
	26.029
	< 0.001

	
	Sex
	1
	217.963
	< 0.001

	
	Food × sex
	3
	2.070
	0.103


Table 2 Biology of mated females of Spodoptera frugiperda feeding on leaves of different food plants at 25 ºC
	Food plant
	Number of

mated females
	Mating success rate (%)
	Preoviposition period (d)
	Oviposition period (d)
	Female longevity (d)
	Number of eggs

per mated female
	Hatching rate (%)

	Corn
	24
	95.83 ± 4.17a
	2.88 ± 0.17 c
	6.67 ± 0.39 a
	12.25 ± 0.47 b
	1798.54 ± 97.65 a
	96.52 ± 0.20 a

	Peanut
	25
	100.00 ± 0.00a
	3.48 ± 0.20 bc
	7.04 ± 0.44 a
	12.28 ± 0.40 b
	1416.12 ± 68.08 b
	95.21 ± 0.35 b

	Soybean
	24
	95.83 ± 4.17a
	4.25 ± 0.39 a
	7.42 ± 0.43 a
	14.00 ± 0.65 a
	1500.25 ± 90.53 b
	94.71 ± 0.58 b

	Sugarcane
	24
	95.83 ± 4.17a
	3.88 ± 0.19 ab
	6.67 ±0.34 a
	11.79 ± 0.53 b
	1181.75 ± 57.67 c
	93.42 ±0.60 c


Note: Values (±SE) within one row followed by different letters are significantly different at the 0.05 level based on one-way ANOVA and Tukey’s HSD multiple tests
Table 3 Results of determination of the main components in different food plants

	Food plant
	Flavonoids (mg/g)
	Reducing sugar (mg/g)
	Sucrose (mg/g)
	C/N ratio

	Corn
	0.20 ±0.01 d
	5.62 ±0.02 a
	18.37 ±0.32 a
	13.38 ±0.02 b

	Peanut
	1.36 ±0.01 a
	4.96 ±0.02 b
	14.21 ±0.12 b
	10.97 ±0.41 c

	Soybean
	0.22 ±0.01 c
	3.12 ±0.01 d
	11.49 ±0.23 d
	8.41 ±0.08 d

	Sugarcane
	0.59 ±0.01 b
	4.06 ±0.01 c
	12.35 ±0.09 c
	21.79 ±0.85 a


Figure legends

Fig. 1 Larval and pupal development times of the fall armyworm Spodoptera frugiperda on different food plants. Error bars indicate SEs.

Fig. 2 Survival rates of larvae and pupae of the fall armyworm Spodoptera. frugiperda on different food plants. Error bars indicate SEs.

Fig. 3 Pupal weight and growth rate of the fall armyworm Spodoptera frugiperda on different food plants. Error bars indicate SEs.

Fig. 4 Adult weight and weight loss of the fall armyworm Spodoptera frugiperda on different food plants. Error bars indicate SEs.

Fig. 5 Sex ratio of the fall armyworm Spodoptera frugiperda on different food plants.
Fig. 6 Sexual size dimorphism for pupae of the fall armyworm Spodoptera frugiperda on different food plants. Sexual dimorphism was estimated for each food plant as (mean size of the larger sex (mg)/mean size of the smaller sex (mg) ).

Fig. 7 Relationship between pupal weight and larval developmental time in the fall armyworm Spodoptera frugiperda on different food plants. Regression equations: female on corn (A), y = 2.972x + 129.6, R2 = 0.014, P = 0.175; male on corn, y = 2.473x + 143.4, R2 = 0.009, P = 0.315; female on peanut (B), y = -2.209x + 189.5, R2 = 0.026, P = 0.073; male on peanut, y=-1.333x + 187.6, R 2= 0.014, P = 0.195; female on soybean (C), y = 0.909x + 140.3, R2 = 0.004, P = 0.446; male on soybean, y = 1.989x + 128.7, R2 = 0.028, P = 0.082; female on sugarcane (D), y = 4.701x + 36.46, R2 = 0.096, P < 0.05; male on sugarcane, y = 1.042x + 143.5, R2 = 0.005, P = 0.446).
Fig. 8 Relationship between female fecundity and adult weight in the fall armyworm Spodoptera frugiperda on different food plants. Regression equations: on corn (A), y = 7.436x + 440.2, R2 = 0.114, P = 0.106; on peanut (B), y = 10.39x + 260.1, R 2= 0.316, P < 0.05; on soybean (C), y = 6.816x + 364.7, R2 = 0.082, P = 0.174; on sugarcane (D), y = 7.572x + 30.45, R2 = 0.235, P < 0.05).
Fig. 9 Relationship between female longevity and fecundity in the fall armyworm Spodoptera frugiperda on different food plants. Regression equations: on corn (A), y = -44.04x + 2294, R2 = 0.044, P = 0.323; on peanut (B), y = -19.81x + 1659, R2 = 0.013, P = 0.577; on soybean (C), y = -24.98x + 1850, R2 = 0.032, P = 0.399; on sugarcane (D), y = 6.032x + 1110, R2 = 0.003, P = 0.799.
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