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Given the new spread and potential damage of the fall armyworm (FAW), Spodoptera frugiperda (J.

E. Smith) (Lepidoptera: Noctuidae) in Asia, it has become imperative to understand the development
biology of this invasive species on selected vegetable crops in newer geographical regions. In this
study, we investigated the ovipositional preference of FAW females on different host plants, under
choice- and non-choice tests. In addition, using the age-stage, two-sex life table theory, we assessed
the performance of immature FAW individuals fed and reared on selected vegetable crops to get
information related to development time, survival, reproduction and longevity. Fall armyworm
females had an oviposition preference on maize compared to other vegetable crops, including
cabbage and soybean, and reluctance for tomato, which was confirmed during the choice and non-
choice tests. In contrast to the oviposition preference, our results also suggest that despite low
preference for cabbage, soybean, and tomato, these crops seemed to provide a high benefit for an
appropriate offspring performance, exceeding in some cases the benefits from a maize-based diet.
Information from this study was discussed in terms of FAW ecology and how female’s decision affects
their reproductive fitness, and the survival and performance of its offspring.

After being initially reported in Africa back in 2016', the fall armyworm (Spodoptera frugiperda; FAW) has
moved rapidly across many regions including West and sub-Saharan Africa, India, China, Japan, South Korea,
Taiwan, and Australia in less than 4 years*=. Besides typical wind-assisted migration (i.e., monsoon winds)®, FAW
movement across continents has been facilitated by regional transport systems of commodities”®. FAW lacks
overwintering capacity and its distribution is mostly limited by cold temperature’, with sporadic and seasonal
occurrence across tropical and subtropical regions in America occurring via new populations that migrate from
overwintering locations in southern Florida and southern Texas-Mexico'. In contrast, climate conditions in
sub-Saharan Africa, South- and Southeast Asia are highly suitable for establishment of year-round FAW popula-
tions (4-6 generations/year)' 2.

In terms of economic damage caused by FAW, up to 73% yield losses has been reported in maize in Latin
America®. In the case of Africa, an early prediction suggested that in the absence of control measures, damage
by FAW may cause 21-53% losses in annual maize production in the region, and accounting for more than
approximately 21 million tons of maize'*. In addition, FAO has listed the FAW as a potential food chain threat
for several regions in Asia'®. However, current statistics in Asia are scarce due to the recent spread. So far, China
has reported up to 5% of yield losses in the South corn producing region®.
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Treatments Egg masses Egg numbers

Cabbage 0.57+0.73 (0-2) b 52.57+90.56 (0-266) b
Maize 3.71+1.75 (2-7) a 682.57£341.72 (313-1277) a
Soybean 1.28+1.28 (0-3) b 204.86+249.98 (0-684) b
Tomato 0b 0b

Table 1. Average number of egg masses and eggs (mean + SD, min.—-max. range) laid by females of the fall
armyworm, Spodoptera frugiperda and recorded under a choice test on cabbage, maize, soybean and tomato.
Means followed by the same letter(s) in a column are not significantly different (P <0.05) by Tukey’s HSD.

Although FAW is a polyphagous pest, infestation occurs primarily on crop grasses from the family Poaceae
(Gramineae), including rice, maize, sorghum, wheat, oats, pasture grasses, etc.'®!7. Other non-gramineous crops
that constitute part of FAW diet includes crops in the families Asteraceae (i.e., marigold, pyrethrum, lettuce,
sunflower, etc.) Fabaceae (i.e., peanut, chickpea, soybean, etc.), Brassicaceae (i.e., broccoli, cabbage, field mustard,
etc.), among others'®.

Given the new spread and potential damage of the FAW in Asia, it has become imperative to understand
the development biology of this invasive species on selected vegetable crops in newer geographical regions. In
the particular case of Taiwan, FAW populations were first found in west-central Taiwan in June 2019 in a maize
field'®. In terms of the two strains of FAW in the Americas (i.e., corn and rice strains, based on host preference),
the presence of hybrid population has been also confirmed in studies conducted in Africa and Asia. Moreover,
a recent paper published by Haineger et al.'” confirmed that FAW populations in West Africa (i.e., Benin and
Nigeria) consisted of corn-strain individuals and descendants of interstrain hybrids, but not of pure rice-strain
individuals, which is also in accordance with previous studies from Nagoshi®® where the author suggested the
rice strain is either rare, with less than 1% of the population or absent in Africa. More recently, a genome-wide
sequencing analysis revealed that FAW populations invading China have a dominant percentage of the corn-
strain background and less of rice-strain genetic background*..

Based on the polyphagous nature of the FAW, this study aimed to understand (1) female ovipositional pref-
erences and (2) immature survival and development when feeding on alternative plant resources. Therefore,
oviposition preference test for FAW female adults as well as life table analysis of different biological traits and
demographic parameters of FAW using the age-stage, two-sex life table analysis would allow us to broaden our
understanding in terms of adult preference and larval performance in selected vegetable crops.

In terms of ovipositional preference, the preference-performance hypothesis**?* suggest that females will
choose to oviposit in hosts with the highest nutritional quality for offspring, and hence, the selected host would
allow the offspring to shorten the developmental time, increased biomass, as well as the reproductive potential.
However, previous papers also indicate that a potential conflict may arise between parents and offspring, on
which larval stage may prefer to feed on a wider range of host plants compared to plants that are actually used
as ovipositional substrates for females. These results would suggest that host range would be mostly limited by
female behavior and not necessarily due to larval feeding capacities and survival®*~2¢. Therefore, information
from this study would allow us to have a better understanding on FAW ecology and how female’s decision affect
their reproductive fitness, and the survival and performance of its offspring.

Results

Oviposition preference: free choice test for fall armyworm females.  Fall armyworm female adults
significantly preferred maize plants for oviposition compared to other crops under a free choice arena (Table 1).
Furthermore, the amount of egg masses (F;,,=13.27; P<0.0001) and mean number of eggs (F;,,=17.01;
P <0.0001) was significantly higher in maize plants followed by soybean and cabbage. No egg masses as well as
eggs from FAW were found in tomato plants when given other vegetables as a choice.

Fall armyworm oviposition behavior under a no-choice scenario. Under a no-choice scenario,
FAW females were reluctant to lay their eggs in tomato, but in contrast significantly more eggs were recorded
from the net wall of the cage used for the experiment (Fig. 1a). No differences were observed for the number of
eggs laid in maize plants compared to those laid in the cage wall (Fig. 1b). When the “masking” effect was esti-
mated, FAW females still preferred to lay their eggs in the cage wall compared to the tomato sprayed with maize
extract (Fig. 1c). In contrast, maize plants sprayed with tomato extract did not deter the preference of females
for oviposition (Fig. 1d).

Life table analysis. The results of development time, survival, reproduction and longevity of FAW fed on
cabbage, maize (ear and leaves), soybean, tomato, and artificial diet are represented in Table 2. No statistical
analysis was conducted on egg stage, since the study started with new larval hatching at the same time, and 3 days
after oviposition. L1 stage was significantly shorter in cabbage, soybean and maize ear treatments, compared to
maize leaves. L2 stage was significantly shorter in soybean compared to artificial diet. L3, L4, L5, L6 + L7 stages
were significantly shorter in maize (ear and leaves) compared to artificial diet. In addition, the pre-pupal stage
was shorter in soybean-reared individuals compared to maize leaves-reared individuals, whereas the pupal stage
was significantly shorter in maize leaves compared to artificial diet and maize ear treatments (Table 2, Fig. 2).
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Figure 1. Total number of eggs and egg masses (mean + SD, min.-max. range) of the fall armyworm,
Spodoptera frugiperda recorded under a no-choice experiment arena and using (a) tomato, (b) maize, (c) tomato
sprayed with maize extract, and (d) maize sprayed with tomato extract. Statistical differences based on t-test for
the occurrence of egg masses in the plants vs. oviposition observed in the net walls. Statistics for total number
of eggs: Tomato (t=17.02, 11 df, P <0.001); Maize (t=0.63, 11 df, P=0.2697); tomato with maize leaf extract
(t=2.71, 11 df, P=0.01); Maize with tomato leaf extract (t=0.31, 11 df, P=0.378); and for egg masses: Tomato
(t=11.047, 11 df, P<0.001); maize (t=0.92, 11 df, P=0.188); tomato with maize leaf extract (t=2.052, 11 df,
P =0.0324); maize with tomato leaf extract (t=0.4597, 11 df, P=0.3273); **P< 0.001; *P<0.05; NS P> 0.05.
Cabbage Maize ear Maize leaves Diet Soybean Tomato
Parameter n Days n Days n Days n Days n Days n Days
Egg 80 3.00+0.00 80 3.00+0.00 60 3.00£0.00 80 3.00+0.00 80 3.00£0.00 80 3.00£0.00
L1 79 2.19+0.04d |80 2.15+0.09d |60 2.93+0.06a |80 2.38+0.06¢c |80 2.3040.06 cd | 80 2.72+0.07 b
L2 76 1.9240.06b | 80 1.70£0.06c | 59 2.07+0.09b |80 242+0.07a |80 135+0.05d |77 2.04+0.08 b
L3 74 1.79+0.07¢c |78 1.68+0.06¢c | 56 1.82+0.08c | 80 2.45+0.07a |80 2.01+0.06b |77 2.29+0.07a
L4 74 2.15+0.06b |77 1.75+0.05d | 56 2.04+0.05b |79 3.40+0.02a |80 1.89+0.04c |77 2.04+0.06 b
L5 73 248+0.10c |76 2.06+0.04d |56 2.0940.05d |77 331+0.12a |80 2.50+£0.04c |76 2.84+0.11b
L6+L7 68 438+0.14b | 64 356+0.11¢c |56 3.27+0.13¢ |72 4.66+0.19ab |77 427+0.10b |67 4.98+0.16
Prepupa 59 1.2240.05b | 60 1.20£0.05b |56 1.70£0.07a | 66 1.26+0.06b |77 1.00£0.00c |67 1.28+0.05b
Pupa 53 8.26+0.12b |46 8.85+0.11a |48 7.94+0.11¢c |47 9.0840.11a |68 8.28+0.09b |62 8.37+0.08 b
Preadult 53 27.24+030c |46 25.48+026d |48 2665023 ¢ |47 31.13+033a |68 26.60+0.15¢ |62 29.32+0.21b
Adult
Female 25 10.00+0.83b |20 565+1.17¢ |28 8.71+0.63b |21 1247+0.92a |42 13.28+0.83a |30 11.53+0.93 ab
Male 28 7.18+0.67 bc |26 5384093 ¢ |20 6.35+0.61bc |26 9.15+0.81ab |26 10.61+0.89a |32 10.13+0.87 a
Table 2. Development time and adult longevity (mean + SE) of the fall armyworm, Spodoptera frugiperda fed
on cabbage, maize ear, maize leaves, artificial diet, soybean, and tomato. Standard errors were estimated using
100,000 bootstrap resampling. Data followed by the same lower-case letter within a row were not significantly
different based on a paired bootstrap test at 5% significance level.
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Figure 2. Age-stage-specific survival value (s,;) of the fall armyworm, Spodoptera frugiperda fed on cabbage,
maize ear, maize leaves, artificial diet, soybean, and tomato.

Pre-adult stage duration was significantly shorter in maize ear, compared to artificial diet treatment, and fol-
lowed by other vegetable treatments with intermediate length in the pre-adult stage duration (Table 2, Fig. 2). The
highest percentage of survival was observed in soybean-reared insects (85%), followed by maize leaves (80%),
tomato (77.5%), cabbage (66%), artificial diet (58.7%), and maize ear (57.5%) (Table 2). In line with this, the
highest percentage of resulting females were observed in soybean (62% of pre-adults), followed by maize leaves
(58%), tomato (48%), artificial diet (45%), maize ear (43%), and cabbage (38%) (Table 2, Fig. 2). In addition to the
duration of the different FAW stages, the effect of treatments was also assessed on the pre-pupal weight (Fig. 3).
Female pupae reared on artificial diet treatment were significantly heavier than pupae reared on cabbage, maize
leaves, and tomato (Fig. 3), whereas male pupae reared on maize ear and diet were significantly heavier than
pupae reared on cabbage and tomato (Fig. 3).

Not all females were reproductively active, and this was observed among all treatments. Therefore, the pre-
oviposition period (APOP), total pre-oviposition period (TPOP), oviposition period, and fecundity parameters
were calculated based on the information gathered from the reproductive females and not for the total number
of females recorded (Table 3). Moreover, for cabbage, only 11 (44%) out of the 25 initially recorded females pro-
duced eggs, whereas in the case of maize ear, maize leaves, artificial diet, soybean, and tomato, the reproductive
females were 25, 68, 29, 55, and 60% out of the total amount of females recorded for each treatment, respectively
(Table 3).

Feeding on different host plants also affected other parameters, including adult APOP, TPOP, oviposition
period, and fecundity of the Fall armyworm (Table 3, Fig. 4). Females had the shortest APOP (i.e., number of
days before a female start laying eggs and counted from adult emergence) in cabbage, artificial diet, maize ear, and
tomato (2.5-2.6 days), whereas females reared in maize leaves started laying their eggs 5 days after emergence.
In line with this, the TPOP (i.e., number of days that includes the pre-adult stage + APOP) was 4 days shorter in
females fed on cabbage, maize ear, and soybean, compared to females reared on maize leaves (Table 3, Fig. 4).
FAW females reared on soybean and cabbage had the longest oviposition period (i.e., the number of days that
female produced offspring), almost double compared to maize treatments. In addition, females reared on cab-
bage, soybean, tomato, and maize ear laid 2.4-4.5 times more viable eggs compared to females reared on maize
leaves and diet treatments (Table 3, Fig. 4).

The age-specific survival rate (1), fecundity (m,), and maternity (I,m,) values of the FAW reared on six differ-
ent treatments are plotted in Fig. 4. Highest peaks on fecundity were observed for females fed and ovipositing on
cabbage, soybean, tomato, followed by artificial diet and maize with the lowest fecundity values. Maternity curves
(I,m,) had a higher peak on soybean, tomato, and cabbage, followed by lower curves in maize and artificial diet
treatments. In addition, information on cumulative fecundity including all reproductive females in each treat-
ment showed a higher total contribution of viable eggs (i.e. larvae) in soybean, cabbage and tomato treatments,
compared to maize treatments (Table 3, Fig. 5).

Net reproductive rate (R,) was 5.7 and 11.4 times bigger in soybean compared to maize ear and artificial
diet, respectively (Table 4). The intrinsic rate of increase () and finite rate of increase (1) of FAW were higher on
soybean, tomato, and cabbage compared to maize (intermediate), and artificial diet (lowest), which suggest FAW
populations will grow faster in the vegetable crops tested compared to the artificial diet. In contrast, a shorter
mean generation time was observed in females from the maize treatment compared to the other vegetable crops
tested.

In this study, we also did a general assessment of the nutritional quality of the treatments tested (Table 5), and
we found that the amount of protein and nitrogen contained in the artificial diet treatment was 5- and 10-fold
higher compared to soybean, tomato, cabbage, and maize, whereas the amount of fat was 2-5 higher for the
same treatments compared to diet. In the case of chlorogenic acid, the amount contained in tomato was 3- and
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Figure 3. Pupal weight (mean + SE) for females (top) and males (bottom) of the fall armyworm, Spodoptera
frugiperda fed on cabbage, maize ear, maize leaves, artificial diet, soybean, and tomato.

Reproductive Oviposition period | Fecundity (viable
Rearing media | Total females | females APOP (days) | TPOP (days) | (days) eggs)
Cabbage 25 11 2.7+0.6b 28.8+0.8¢ 5.8+1.05ab 1242.1+204.3a
Diet 21 6 2.5+0.6b 32.2+1.3ab 4.0+0.74bc 338.5+90.8b
Maize ear 20 5 2.8+0.8b 272%1.1c 3.2+0.67cd 803.2£273.0ab
Maize leaves 28 19 5.1+0.6a 31.4+0.6a 2.2+0.19d 278.1+£41.9b
Soybean 42 23 3.7+0.5ab 29.6 £0.6bc 6.7+0.51a 1006.5+110.6a
Tomato 30 18 2.6+0.3b 30.9+0.5ab 4.9+0.48b 842.3+76.7a

Table 3. Adult preoviposition period (APOP), total preoviposition period (TPOP), oviposition period,
and fecundity parameters based on reproductive females of the fall armyworm, Spodoptera frugiperda fed
on cabbage, maize ear, maize leaves, artificial diet, soybean, and tomato. Standard errors were estimated
using 100,000 bootstrap resampling. Data followed by the same lower-case letter within a column were not
significantly different based on a paired bootstrap test at 5% significance level.

10-fold higher compared to soybean and cabbage, respectively, and this compound was not detected in maize
and artificial diet. Caffeic acid, and quercetin were not detected in soybean, maize and artificial diet, whereas
the amount in tomato was 2- and 10-fold higher compared to cabbage, respectively.
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Figure 4. Age-specific survival rate (I,), fecundity (m,), and net maternity (I,m,) of the fall Armyworm,
Spodoptera frugiperda fed on cabbage, maize ear, maize leaves, artificial diet, soybean, and tomato.
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Figure 5. Cumulative fecundity of the fall Armyworm, Spodoptera frugiperda fed on cabbage, maize ear, maize
leaves, artificial diet, soybean, and tomato.

Discussion

In this study, we investigated the ovipositional preference of FAW female moths on different host plants, under
two experimental arenas, choice test and no-choice test. Moreover, a masking odor effect was also investigated
using the most and the least preferred host plants. Later, using the age-stage two-sex life table theory?”* we
assessed the performance of immature FAW individuals fed and reared on cabbage, maize (ear and leaves),
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Treatment R, (offspring/individual) | r (day™) A (day™) T (day)
Cabbage 170.79+£54.75 a 0.1651+£0.0115 ab 1.1795+0.0135 ab 31.14£0.76 ab
Maize ear 50.20+26.19 be 0.1397+£0.0362 abc | 1.1499+0.0383 abc | 28.02+1.27b
Maize leaves 88.07+£21.14b 0.1395+0.0083 b 1.1497 £0.0095 b 32.10£0.35a
Diet 25.39+11.66 ¢ 0.0970+0.0207 ¢ 1.1020£0.0221 ¢ 33.32+1.88a
Soybean 289.36£59.70 a 0.1791+£0.0075 a 1.1962+0.0089 a 31.64+043a
Tomato 189.52+42.80 a 0.1615+0.0081 ab 1.1752 £0.0095 ab 32.48+0.54a

Table 4. Mean (+ SE) of the net reproductive rate (R,), intrinsic rate of increase (r), finite rate (1), and mean
generation time (T) of the fall armyworm, Spodoptera frugiperda fed on cabbage, maize ear, maize leaves,
artificial diet, soybean, and tomato. Standard errors were estimated using 100,000 bootstrap resampling. Data
followed by the same lower-case letter within a column were not significantly different based on a paired
bootstrap test at 5% significance level.

Chlorogenic acid Caffeic acid Kaempferol
Treatment DM (g) | Protein (g) | Nitrogen (g) | Oil(g) | (umole) (umole) Quercetin (umole) | (umole) Phenolics (mg)
Cabbage leaves 11.3 0.42 0.07 0.47 3.22 18.71 1.39 27.78 272
Tomato leaves 13.4 0.70 0.11 0.66 32.05 36.78 12.11 4.88 310
Soybean leaves 19.4 0.85 0.14 0.73 8.48 0.00 0.00 189.60 393
Maize 21.1 0.41 0.06 1.25 0.00 0.00 0.00 0.00 93
Diet (dry powder) 90.8 4.04 0.65 2.57 0.00 0.00 0.00 0.00 2933

Table 5. Nutritional value analysis of different rearing media based on 100 g edible portion on fresh weight.
(DM dry matter). Luteolin, apigenin, isohamnetin, hesperetin were not found in the processed samples.

soybean, tomato, and an artificial diet, in order to get information related to development time, survival, repro-
duction and longevity of FAW.

As we expected, FAW females had an oviposition preference for maize compared to other vegetable crops,
including cabbage and soybean. However, we did not expect FAW reluctance for tomato. Therefore, the no-choice
test was performed in order to confirm the preference or avoidance of the most and least preferred host plants,
maize and tomato, respectively. FAW laid similar amount of egg masses on the inner walls of the cage as well as
in the maize plants, but, in contrast, FAW highly preferred the cage wall to lay their eggs instead of the tomato
plants. Oviposition on non-plant material (i.e., cage walls) despite the presence of host plants has been previously
recorded for FAW?**. More specifically, Rojas et al.?’ found strong tactile stimuli for grooved and pitted surfaces
on which FAW oviposit regardless the presence of chemical cues. Similar observation has been recorded for the
generalist moths, Spodoptera exigua®, and Epiphyas postvittana (Tortricidae)®, where tactile stimuli seem to be
as important as the chemical cues in terms of ovipositional behavior and preference.

When the masking effect was estimated, FAW females still preferred to lay their eggs in the cage wall com-
pared to the tomato sprayed with maize extract, suggesting tomato plants were still avoided, regardless of the
additional olfactory/gustatorial cues provided by the maize extract. It is also possible that the most important
oviposition stimulant(s) from maize may not have been present in the extract, which was sprayed on to tomato
plants. It should be noted that FAW female moths laid more eggs on control areas than on substrates treated
with leaf extracts of maize. Therefore, tomato plants were not favored by maize extract. On the other hand, when
maize plants were sprayed with tomato extract, FAW were not deterred and the oviposition did not decrease. An
earlier study also confirmed that substrates treated with tomato leaf extracts were less preferred for egg laying
by FAW female moths®. This result suggests that all antixenotic factors from tomato (i.e., including trichomes
and chemical exudates from them) were not present in the extract to deter FAW from choosing maize plants as
ovipositional substrate. It was also found that ovipositional deterrents were present in tomato plants®.

Based on the preference-performance hypothesis*>?, this part of our study suggests that female moths choose
to oviposit in hosts with the highest nutritional quality for offspring, leading to shorter developmental time,
increased biomass, and higher reproductive potential in FAW offspring reared on maize. Moreover, it is expected
that the ovipositional preference of FAW female moths would align with the performance of their offspring. Thus,
we assumed that FAW female moths reared on maize plants (ears and leaves) would have decreased developmen-
tal time, prolonged ovipositional period, and increased reproductive potential, which were demonstrated not only
in terms of fecundity numbers, but also in terms of positive impact on reproductive parameters, including higher
net reproductive rate (R,), intrinsic rate of increase (r) and finite rate of increase (1). However, our results did not
completely align with the preference-performance hypothesis. First, in terms of gained biomass, pupae reared
on diet treatment were heavier than those reared on other vegetable crops. Second, in terms of reproductive
potential and parameters, we got mixed results, with interesting outcome in terms of total reproductive females
(i-e., egg producing females) observed in maize (i.e., ear and leaves), accounting between 25 and 68% of the total
females reared on those treatments. Moreover, FAW females reared on soybean and cabbage almost doubled
their oviposition period compared to maize plants. In addition, females reared on cabbage, soybean, tomato,
and maize ear laid 4-6 times more viable eggs compared to females reared on maize leaves and artificial diet
treatments. The higher number of reproductive females reared on the vegetable crop treatments would suggest
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Rank
Top Intermediate Bottom
Female oviposition preference (Top rank: most preferred) Maize Cabbage, soybean
Cabbage, maize
Larval performance (Top rank: shortest preadult Maize ear leaves, soybean,
period) tomato
. . . . Cabbage, maize,
Female pupal weight (Top rank: heaviest) Diet

Total preoviposition period TPOP (Top rank:
shortest period)

soybean

Cabbage, maize ear

Diet, soybean

Offspring -
performance Oviposition days (Top rank: longest period) Soybean, cabbage Diet, tomato
Fecundity (Top rank: highest amount of viable Soybean, cabbage, Maize ear
tomato
eggs)
Net reproducFive rate(R,) (Top rank: highest Cabbage, soybean, Yy oy —
female offspring per mother) tomato

Soybean, cabbage,

Finite rate of increase (r) (Top rank: highest rate)
tomato

Maize ear

Figure 6. Summary of the preference and performance of the fall armyworm, Spodoptera frugiperda fed on
cabbage, maize ear, maize leaves, artificial diet, soybean, and tomato.

in theory, a significant population growth in these crops under field conditions. However, and although the life
table studies were carried out simultaneously and under controlled conditions, in the future it is also necessary
to confirm these results under field and free choice conditions. Second, in terms of reproductive parameters, the
net reproductive rate (R,) was higher in soybean compared to maize, whereas the intrinsic rate of increase (r)
and finite rate of increase (1) of FAW were higher on vegetable crops compared to maize (intermediate), and diet
(lowest). The evaluated ecological parameters suggest that FAW populations grow faster in the vegetable crops
compared to maize. Furthermore, results from this study suggest that cabbage, soybean, and tomato seemed to
provide a high benefit for an appropriate offspring performance, exceeding in some cases the benefits from its
usual maize-based diet (Fig. 6).

In a previous study, the host preference by female moths and offspring performance were documented for
the FAW by comparing the discrimination among three maize cultivars with different degrees of resistance®.
In a choice test, it was found that moths laid more eggs on the highly resistant cultivar and least on the suscep-
tible cultivar, whereas larval performance was poor in the former but good in the susceptible. In addition, the
same study found that older FAW larvae did not show any discrimination or preference among the tested maize
cultivars, nor even for real versus model maize plants, suggesting larvae may have a random foraging behavior
independent of volatile cues, with low discrimination among hosts and based on visual cues. An earlier study
also confirmed that plant volatiles did not influence host finding by FAW, but tactile cues may be of important
during the selection of oviposition sites®.

In contrast, a recent paper using the age-stage two-sex life table and adult female oviposition preference for
the FAW? found consistent results with the preference performance hypothesis on FAW, when comparing the
larval performance and oviposition preference of the FAW among maize, potato and tobacco. More specifically,
the FAW reared on maize had the strongest development performance (i.e. shortest development time, prolonged
longevity and higher reproductive rate) compared to potato (intermediate), and tobacco (least suitable host).
More recently, another paper comparing the fitness of the FAW on three solanaceous crops, found that FAW
was able to complete the life cycle on pepper and tomato, with exception of eggplant. Moreover, the authors also
found that FAW larvae reared on tomato had a better fitness in terms of development of duration, survival rate,
fecundity, and R, based on the developmental duration, compared to maize**.

In all, a random foraging behavior that seems to be independent of volatile cues but linked to a strong tactile
stimulus seems to be driving the ovipositional behavior and preference for specific host plants. However, in
terms of larval development and performance, the fitness of the resulting FAW progeny is not necessarily align
with the mother’s choice, and therefore, results cannot be explained under a preference performance hypothesis.
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In terms of nutritional aspects and differences among treatments, chlorogenic acid, which was present in
tomato and cabbage, is an antioxidant polyphenol, a conjugate of caffeic acid and quinic acid, and is recognized
as an efficient defense molecule against several insect herbivores, including Helicoverpa armigera, Spodoptera
litura, Spodoptera exigua, thrips, and leaf beetles®*, since this compound reduce the availability of amino acids
and in consequence decreases the digestibility of dietary proteins, leading to a lower nutritional value, and thus
resulting in growth reduction®*-. In addition, the presence of chlorogenic acid in tomato and cabbage would
partially explain the low weight of female pupae on these treatments®.

In contrast, previous information suggested that despite the defensive compounds such as glycoalkaloids,
phenolics and terpenes, as well as other anti-nutritive proteins*® present in tomato, FAW was reported to feed and
successfully complete its life cycle on tomato leaves*!. However, a more recent study looking at the alterations to
flight muscle protein structure and flight-related fitness traits of two armyworms caused by host plant defenses*
suggested that FAW seems to show some degree of specialization for monocot crops (grasses), since its average
survival was lower when feeding on tomato compared to a related species, the southern armyworm (SAW),
Spodoptera eridania, a species that feeds on leafy dicots. The study also reported that FAW was less adapted than
SAW to feed on tomato and cope with its defensive secondary metabolites.

Regarding other metabolites found in this study, the effect of flavonoids on insects has been extensively
discussed. The mortality of the tobacco armyworm (S. litura) was previously linked to quercetin present on
peanuts®’. In addition, kaempferol and quercetin among other flavonols have been studied for their deter-
rent activity against the nematodes Radopholus similis and Meloidogyne incognita and for their anti-pathogenic
activities on different cereal and vegetable crops [** and references therein]. Furthermore, previous studies had
suggested that a reduction of various flavonoids, including kaempferol and quercetin metabolites may facilitate
the puncturing of the symplast and favoring a subsequent aggregation of the whitefly, Bemisia tabaci**. However,
given that our scope in this study is not directly related to the nutritional content and differences among plants,
a more detailed study would be needed to properly provide evidence in how the presence of these nutritional/
anti-nutritional/defensive compounds directly affect the performance of the feeding larvae and the impact on
their reproductive fitness.

From an insect pest management perspective, our results are relevant because understanding the discrimina-
tion of FAW female moths for suitable hosts for oviposition vs. larval performance would give us a better idea of
the risk for vegetable crops located in the vicinity of maize crops in newly invaded geographical regions. High
and random dispersal of larvae would potentially move to alternate hosts to complete development. In addition,
the above-mentioned vegetables may serve as appropriate host to improve the reproductive fitness of the next
generations, since reproductive parameters would be positively impacted compared to the benefits offered from
a maize-based diet. Therefore, the use of appropriate crop rotations in the vicinity of maize crops must consider
the potential damage and the need to use alternative strategies, like the use of resistant cultivars or appropriate
trap crops. A similar concern has been also raised in terms of intercropping systems with maize, potato, tobacco,
pepper, and tomato®®>* since late instars of the FAW would be able to move to less preferred host plants after
consuming maize, posing a serious threat to less preferred crops, but on which FAW would be capable of com-
pleting its development. At the moment, more information needs to be gathered in Taiwan to assess the risk and
potential economic damage of FAW on vegetable crops.

Lastly, it is also important to discuss our results in terms of the potential threats of the invasive FAW under
island conditions. As pointed out by Kairo et al.*¢ and Mochizuki?, the greatest threat to island biodiversity
and habitat loss is the growing problem of invasive species. Hence, the arrival of the FAW to Taiwan would
potentially affect the niche spaces and the competition with other insect pests on the area, but also, the lack of
natural enemies will provide a significant advantage for its establishment, and in addition, adaptive changes to
particular climatic conditions plus isolation may provide further opportunities for the emergence of additional
FAW populations, which could also expand its host range including dicot crops such as vegetables. Furthermore,
economically important insect pests including the FAW are already resistant to chemical pesticides in regions of
original distribution, so conventional chemical control of this insect pest may become difficult in newly invaded
areas. Therefore, there is a high priority to work with integrated pest management strategies that allow the use
of alternative safe control strategies to keep FAW numbers low.

Conclusions

Overall, our results suggest that despite low preference of FAW females for vegetable crops, these crops seemed
to provide a high benefit for an appropriate offspring performance, exceeding in some cases the benefits from
its usual maize-based diet. In that sense, the reproductive fitness of the next generations may be more positively
impacted compared to the benefits offered from a maize-based diet, suggesting the need to consider appropri-
ate crop rotations and other sustainable management strategies in the vicinity of maize crops in order to reduce
the potential damage.

Methods

Location. The experiments were conducted at the World Vegetable Center, Shanhua, Tainan, Taiwan (23°
08'29"” N, 120° 19’ 15" E) at a mean elevation of 9 m above the sea level and due to the invasive nature of the fall
armyworm, all observations were recorded under quarantine facilities.

Host plants. Commercially available cabbage (Brassicaceae: Brassica oleracea var. capitata, ‘early autumn,
TAKII & Co., Ltd., Kyoto, Japan), maize (Poaceae: Zea mays, ‘Tienmimi, HO-HUAN Agricultural Product Co.,
Ltd., Nantou, Taiwan), soybean (Fabaceae: Glycine max, ‘Kaohsiung No. 9, Kaohsiung District Agricultural
Research and Extension Station DARES, Kaohsiung, Taiwan), and tomato (Solanaceae: Solanum lycopersicum,
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‘Taoyuan Yasu No. 20, Taiwan Seed Improvement and Propagation Station, Taoyuan, Taiwan) seedlings were
sown in seedling trays filled with culture media (King Root ° No. 1, Dayi Agritech Co. Ltd., Taipei, Taiwan) and
maintained under greenhouse conditions at the World Vegetable Center, Taiwan, and maintained under identi-
cal growing conditions (26 +1 °C, 70+ 10% RH, photoperiod of 14:10 [L:D] h). Pots were watered as needed,
and every 7-10 days, a foliar granular fertilizer (N:P:K=12:18:12, #39 Biotec Organic Compound Fertilizer,
Taiwan Fertilizer Co. Ltd, Taipei, Taiwan) was applied with 0.5-4 g according to the plant stage. In addition to
the vegetables tested, our control treatment included an artificial diet*. All plant experiments were conducted
according to institutional guidelines.

Fall armyworm rearing. Given the new presence of this pest in Taiwan, eggs and larvae of S. frugiperda
were initially provided by the Taiwan Agricultural Research Institute (TARI), Council of Agriculture (COA) and
maintained under controlled conditions [26+ 1.5 °C, 50+ 10%RH, 14:10 h photoperiod regime (L:D)] in quar-
antine facilities of World Vegetable Center, Taiwan. The number of eggs and resulting 1st instar larvae used for
the different treatments is presented in Table 2.

Oviposition preference: free choice test for fall armyworm females. To determine which plant
species is preferred for oviposition, a preference test was conducted on cabbage, maize, soybean, and tomato.
Four 1-month old seedlings of each crop were arranged inside a mesh cage (60 x 60 x 60 cm tent). The experi-
mental arena consisted on four concentric circles formed by one seedling per crop. A total of 16 seedlings (four
seedlings/crop/four concentric circles) were arranged in each mesh cage. A total of 70 FAW pairs were used for
this experiment, with ten virgin pairs released at the center of each cage, for a total of seven replications. Female
adults were allowed to oviposit for 6 days, and pure honey was provided ad-libitum as food resource for FAW
adults. Egg masses and egg numbers were recorded on each crop and averaged within each cage after 6 days. Egg
masses laid on the cage surface were discarded.

Oviposition preference: no-choice test for fall armyworm females. A follow up experiment was
conducted to confirm the oviposition preference of female adults with the least and most preferred host plants
(i.e., tomato and maize). In this experiment, we used additional treatments to assess a potential odor masking
of both plants, and how it may affect pest insects’ ability to find hosts. In that sense, tomato plants coated with
maize extract and maize plants coated with tomato aqueous extract were tested. For this, 100 g of tomato or
maize leaves from 1.5 to 2-month-old seedlings were collected and mixed with 400 ml of water and then lique-
fied. The resulting aqueous extract was applied to the treated plants (i.e., maize and tomato, respectively) by coat-
ing all surfaces by dipping or brushing. The plants were allowed to dry for 4 h before the start of the experiment.
A total of three seedlings per host plant were offered to four virgin pairs released at the center of each cage, for
a total of 12 replications. Female adults were allowed to oviposit for 5 days, and pure honey was provided as ad-
libitum as food resource for FAW adults. Egg masses and egg numbers were recorded on each crop and averaged
within each cage after 6 days.

Biological traits and demographic parameters of fall armyworm reared on different host
plants. Due to the invasive status of this insect pest in Taiwan, the egg batches used in this study were derived
from first generation of laboratory stocks from field caught FAW females from the initially eggs provided by the
Taiwan Agricultural Research Institute (TARI), Council of Agriculture (COA) as previously mentioned. Fur-
thermore, different biological traits including the development, survival, reproduction, and ecological param-
eters of FAW fed on cabbage, maize ear, maize leaves, soybean, tomato, and artificial diet were compared. Egg
batches received from TARI were placed under controlled conditions and newly hatched larvae were individu-
ally placed and kept in plastic containers (sauce cup; 4 cm x 3 cm; 40 ml) and provided with fresh leaves of the
selected crops (approx. 1-2 g or 30 cm? of food) on a daily basis and until they reached pre-pupal stage. Cab-
bage, soybean, and tomato were given as fresh leaves, and in the case of maize, larvae were offered fresh leaves
and maize ear. Each day, the development and survival of larvae were observed for each treatment. Larval stages
were L1, L2, L3, L4, L5, and L6-7. Pupal weight was collected from the surviving insects, and sex determination
was conducted at the pupal stage. Pupae were individually kept and after adult emergence, one female and one
male were placed in plastic containers covered with plastic cups (drinking cup; 5.5 cm x 10 cm; 350 ml). Ovipo-
sition substrate used to collect the resulting eggs corresponded to the same treatment food they were offered as
immatures. In the case of the artificial diets, resulting adults were offered with an unscented corrugated paper
and adults from all treatments were fed with a 10% honey solution. Observations of insect biological parameters
and development including duration of instars, sex, and longevity of individuals were recorded on a daily basis.
In line with this, fecundity and survival data were recorded daily until the death of each individual and for each
environmental condition tested.

Nutritional quality. The nutritional quality of uninfested dry leaves of the tested vegetables was esti-
mated through various biochemical analysis (modified), including dry matter*’, crude fat™, total nitrogen®',
flavonoids®?, and total phenolics®.

Statistical analysis. One way analysis of variance (ANOVA) and Tukey’s HSD post-hoc test were used to
assess the oviposition preference and pupal weight of FAW among cabbage, maize, soybean, and tomato. For
the second experiment (i.e. non-choice test), FAW egg masses and number of eggs recorded in the plants and
the cage walls were compared by paired t-test. Differences were considered highly significant at P<0.001; and
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significant at P <0.05. Statistical analyses were performed using SAS software version 9.4 (SAS institute, Cary,
NC, USA).

The raw data for each FAW individual within different treatments were analyzed using the age-stage two-sex
life table theory?”*®, on which daily raw data for developmental time, survival, and fecundity was recorded. The
life history parameters, including the age-stage survival rate (s,;, where age=x, and stage =), the age-specific
survival rate (I,), age-specific fecundity (m,), and the population parameters (R, net reproductive; r, intrinsic
rate of increase; A, finite rate of increase; T, mean generation time) were calculated using the computer program,
TWOSEX-MSChart*. The age-specific survival rate, I, (Eq. 1), which is the probability that a newly laid egg will
survive to age x, was calculated as:

$
I, = stj (1)
=1

where, § is the last stage of the study cohort.
The age-specific fecundity of the population, m, (Eq. 2) was calculated as:

§
Zj:l Sfoxj
My = —5—— (2)
D=1 5

The net reproductive rate, R, (Eq. 3), which represents the mean number of offspring that an individual can
produce during its lifetime, was calculated as:

Ro=Y" Lom, 3)

x=0

The intrinsic rate of increase, r (Eq. 4) was estimated using the iterative bisection method from the Euler-
Lotka formula with age indexed from 0°°:

oo

D e hmy =1 @

x=0

The finite rate of increase, A (Eq. 5), and the mean generation time, T were then calculated as follows:

l=eé" (5)
T = IRy (6)
r

The variances and standard errors of the population parameters and life history parameters, including devel-
opmental time, adult longevity, and fecundity were calculated with the bootstrap technique®*-*° with 100,000
random resampling. Significant difference at P <0.05 among different treatments were compared with Paired
bootstrap test implemented in TWOSEX-MSChart®-%. Fecundity was measured in terms of viable eggs and
unhatched eggs were not considered for our demographic analysis®.

Ethical standards. This research did not involve any human participants and/or animals, other than the fall
armyworm, S. frugiperda.
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