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Abstract: The papaya mealybug, Paracoccus marginatus Williams and Granara de Will- 12 

ink (Hemiptera: Pseudococcidae) is a polyphagous invasive pest in China. The effect 13 

that shifting of host plant has on the fitness of a polyphagous pest is critical to its prev- 14 

alence and potential pest control. In order to assess the fitness change of P. marginatus 15 

after transferal from potato [Solanum tuberosum (Tubiflorae: Solanaceae)] to papaya 16 

[Carica papaya (Parietales: Caricacea)], sweet potato [Ipomoea batatas (Tubiflorae: Con- 17 

volvulaceae)], and alligatorweed [Alternanthera philoxeroides (Centrospermae: Amaran- 18 

thaceae)], the life table data of three consecutive generations were collected and ana- 19 

lyzed by the age-stage, two-sex life table method. The results showed that when P. 20 

marginatus transferred from S. tuberosum to papaya, higher values of intrinsic rate of 21 

increase (r) and finite rate of increase (λ) were observed. Paracoccus marginatus trans- 22 

feral to I. batatas had the significantly lower population parameters than those on C. 23 

papaya; however, the fitness recovered on I. batatas after two generations. Paracoccus 24 

marginatus were unable to complete development on A. philoxeroides. Our results con- 25 

clusively demonstrated that P. marginatus can readily adapt to C. papaya and I. batatas 26 

even after host plant shifting and are capable of causing severe damage to these hosts. 27 

Keywords: Paracoccus marginatus; host plant shifting; two-sex life table; fitness 28 

 29 

1. Introduction 30 

The papaya mealybug, Paracoccus marginatus Williams and Granara de 31 

Willink (Hemiptera: Pseudococcidae) is a globally invasive pest, which at- 32 

tacks host plants by sucking sap from the leaves, stems and so on (Wu et al. 33 

2014). Since the 1990s, P. marginatus had spread rapidly through the Americas, 34 

Africa, and most provinces of southern China (Miller et al. 1999, Finch et al. 35 

2021). Paracoccus marginatus is a polyphagous pest of many economic crops 36 

and weeds included in more than 64 families, such as Euphorbiaceae, Rubia- 37 

ceae, and Caricaceae (Krishnan et al. 2016). In our preliminary field investiga- 38 

tion, P. marginatus has been found on important field crops including potato 39 

[Solanum tuberosum (Tubiflorae: Solanaceae)], papaya [Carica papaya 40 
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(Parietales: Caricacea)], and sweet potato [Ipomoea batatas (Tubiflorae: Convol- 41 

vulaceae)]. It has also been observed on a worst weed, alligatorweed [Alter- 42 

nanthera philoxeroides (Centrospermae: Amaranthaceae)]. Most of insects were 43 

observed on the leaves of the above plants. Solanum tuberosum has been used 44 

for a number of years as a host for mass-rearing of P. marginatus in the labor- 45 

atory. 46 

Polyphagous insects, which characteristically have a wide range of host 47 

plants in nature, are often associated with host shifting. Huang et al. (2014) 48 

demonstrated that the rapid host shifting of Phenacoccus solenopsis (Tinsley) 49 

(Hemiptera: Pseudococcidae) was due to its efficient host plant fitness. The 50 

fitness of insects on a new host plant can be evaluated from the population 51 

growth rate on the new host plant versus old host plant (Lu et al. 2016, Ning 52 

et al. 2017). Therefore, it is important to understand how invasive pests adapt 53 

on the new host plant using demographic characteristics. 54 

Many studies have shown that significant effects may occur in an insect 55 

species after host plant shifting, such as changes in their development and 56 

fecundity. For example, Milanović et al. (2016) reported that when Lymantria 57 

dispar L. (Lepidoptera: Lymantriidae) transferred from Hungarian oak to Tur- 58 

key oak, the developmental time shortened while the efficiency of food utili- 59 

zation increased. Mody et al. (2007) demonstrated that host plant shifting had 60 

a strong effect on Chrysopsyche imparilis (Lepidoptera: Lasiocampidae), espe- 61 

cially in adult fecundity and the mean body mass of second-instar larvae. Fur- 62 

thermore, when assessing the effects of host plant shifting based on the life 63 

table and population dynamics of Aphis gossypii (Glover) (Hemiptera: Aphidi- 64 

dae), Fan et al. (2018) showed that the fecundity (F), intrinsic rate of increase 65 

(r), finite rate of increase (λ), and net reproductive rate (R0) significantly in- 66 

creased when transferred from wheat to cotton. Amarasekare et al. (2008) re- 67 

ported the survival rate of P. marginatus on different host plants. Nisha and 68 

Kennedy (2017), using the female age-specific life table, reported life table re- 69 

sults of P. marginatus on different host plants. But the results were limited by 70 

ignoring the males in the population (Huang and Chi 2012). 71 

Thus, in this study, we assessed the fitness changes that occurred after P. 72 

marginatus was transferred from S. tuberosum to C. papaya, I. batatas and A. 73 

philoxeroides through the age-stage, two-sex life table method. The objectives 74 

of this study were to 1) measure the development, fecundity, and population 75 

parameters in P. marginatus over a span of three consecutive generations after 76 

host plant shifting, and 2) project the population growth of P. marginatus on 77 

C. papaya, I. batatas, and S. tuberosum. 78 

2. Materials and Methods 79 

2.1. Cultivation of Host Plants 80 

Carica papaya (Parietales: Caricaceae), I. batatas (Tubiflorae: Convolvu- 81 

laceae), S. tuberosum (Tubiflorae: Solanaceae), and A. philoxeroides (Cen- 82 

trospermae: Amaranthaceae) were obtained from the Institute of Plant Protec- 83 

tion, Fujian Academy of Agricultural Sciences. Host plants were cultivated 84 

(40.0 cm in length, 30.0 cm in width, and 15.0 cm in height) with nutrient soil 85 

(Cuijun, Fuzhou, China) and kept in growth chambers (PRX-450D, Haishu 86 

Safe Apparatus, Ningbo, China) at 28 ± 1°C, 70 ± 5% RH, and a photoperiod 87 

of 14: 10 (L: D) h. Young leaves (< 30-d old) were used for the study. 88 

2.2. Paracoccus marginatus 89 

The eggs of P. marginatus were originally obtained from a papaya or- 90 

chard in Fuzhou city (Fujian Province, China, 25°15′~26°39′N, 91 

118°08′~120°31′E), and reared on the leaves of S. tuberosum in a growth 92 
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chamber for 20 generations to allow P. marginatus to adapt to S. tuberosum as 93 

a host. The female life cycle (which differs from that of the male) consists of 94 

the egg, three larval instars, and the adult stage, while the males’ include the 95 

egg, three larval instars, a pupal stage, and the adult stage. 96 

2.3. Life Table Study of P. marginatus  97 

Egg masses laid within a 24 h period on potato leaves were randomly 98 

selected for the life table study. In order to accurately observed the lifespan of 99 

each insect, eggs were placed on leaves of C. papaya, I. batatas, S. tuberosum, or 100 

A. philoxeroides in plastic dishes (3.5 cm in diameter and 2.0 cm in height) con- 101 

taining agar (3%). After hatching, each 1st instar was transferred into a fresh 102 

dish containing leaves of the same plant and reared individually. Following 103 

the advice of Mou et al. (2015), only hatched eggs were used in the life table 104 

studies to accurately estimated the life table parameters. Newly emerged 105 

adult males and females were paired. The daily fecundity and survival were 106 

recorded until the death of all individuals. The life table data of three consec- 107 

utive generations (F0, F1 and F2) were recorded. Because P. marginatus reared 108 

on A. philoxeroides only survived for a single generation (F0), only one life table 109 

could be constructed for insects on this host. 110 

2.4. Life Table Data Analysis 111 

The raw life history data of all individual P. marginatus, including devel- 112 

opmental duration, longevity, and female fecundity, were analyzed according 113 

to the age-stage, two-sex life table procedure (Chi and Liu 1985, Chi 1988) us- 114 

ing the program TWOSEX-MSChart (Chi 2022a). The variances and standard 115 

errors of parameters were estimated by using the bootstrap technique (Efron 116 

and Tibshirani 1993, Chi et al. 2020). Differences between treatments were as- 117 

sessed using paired bootstrap tests (Wei et al. 2020). The age-stage-specific 118 

survival rate (sxj), is the probability that each hatched egg will survive to age 119 

x and stage j. The age-specific survival rate (lx) was calculated as: 120 

𝑙𝑥 = ∑ 𝑠𝑥𝑗

𝑘

𝑗=1

 121 

where k is the number of stages. The age-specific fecundity (mx) was calculated as: 122 

𝑚𝑥 =
∑ 𝑠𝑥𝑗𝑓𝑥𝑗

𝑘
𝑗=1

∑ 𝑠𝑥𝑗
𝑘
𝑗=1

 123 

The intrinsic rate of increase (r) was estimated using the Euler-Lotka 124 

equation (Euler 1760, Lotka 1907) with age indexed from 0 (Goodman 1982): 125 

∑ 𝑒−𝑟(𝑥+1)𝑙𝑥𝑚𝑥 = 1

∞

𝑥=0

 126 

The finite rate of increase (λ), net reproductive rate (R0), and mean gen- 127 

eration time (T) were calculated as follows: 128 
𝜆 = 𝑒𝑟 129 

𝑅0 = ∑ 𝑙𝑥𝑚𝑥

∞

𝑥=0

 130 

𝑇 =
ln𝑅0

𝑟
 131 
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The age-stage specific life expectancy (exj), i.e., the length of time that an 132 

individual of age x and stage j is expected to survive, was calculated according 133 

to Chi and Su (2006):  134 

𝑒𝑥𝑗 = ∑ ∑ 𝑠𝑖𝑦
′

𝑎

𝑦=𝑗

∞

𝑖=𝑥

 135 

where 𝑠𝑖𝑦
′  is the probability that an individual of age x and stage j can 136 

survive to age i and stage y by assuming that 𝑠𝑖𝑦
′ = 1. The age-stage reproduc- 137 

tive value (vxj) which represents the contribution each individual in age x and 138 

stage j makes to the future population (Fisher 1930, Tuan et al. 2014), was cal- 139 

culated as: 140 

𝑣𝑥𝑗 =
𝑒𝑟(𝑥+1)

𝑠𝑥𝑗

∑ 𝑒−𝑟(𝑥+1) ∑ 𝑠𝑖𝑦
′ 𝑓𝑖𝑦

𝛽

𝑦=𝑗

∞

𝑖=𝑥

 141 

2.5. Population Projection 142 

The population growth of P. marginatus was simulated according to Chi 143 

(1990) by using the computer program TIMING-MSChart (Chi 2022b). An in- 144 

itial population of 10 newly laid eggs was used for the simulation. The stage 145 

growth rate of stage j was calculated according to Huang et al. (2018). 146 

𝜙𝑗,𝑡 = log (
𝑛𝑗,𝑡+1 + 1

𝑛𝑗,𝑡 + 1
) 147 

𝑟𝑗,𝑡 = log (
𝑛𝑗,𝑡+1 + 1

𝑛𝑗,𝑡 + 1
) 148 

As the population approaches a stable age-stage distribution, the number of 149 

individuals of each stage (nj,t) and the total population size (ntotal,t) will increase at 150 

the finite rate of increase (λ) and the intrinsic rate of increase (r). These can be 151 

expressed as: 152 

𝜙𝑗,𝑡 = log (
𝑛𝑗,𝑡+1 + 1

𝑛𝑗,𝑡 + 1
) ≈ log (

𝜆𝑛𝑗,𝑡

𝑛𝑗,𝑡

) = log (
𝜆𝑛total,𝑡

𝑛total,𝑡

) = log 𝜆 153 

𝑟𝑗,𝑡 = log (
𝑛𝑗,𝑡+1 + 1

𝑛𝑗,𝑡 + 1
) = ln(𝑛𝑗,𝑡+1 + 1)  −  ln(𝑛𝑗,𝑡 + 1) 154 

3. Results 155 

3.1. Development and Fecundity of P. marginatus after Host Plant Shifting 156 

The development and fecundity of P. marginatus in the F0, F1 and F2 gen- 157 

erations following host plant shifting are shown in Table 1. There were no 158 

significant differences in the egg duration among the four host plants in the 159 

F0 generation. However, the developmental times of female and male larvae 160 

fed on C. papaya were significantly shorter than those on the three other hosts. 161 

Extremely long developmental times occurred in both female and male larvae 162 

when fed on A. philoxeroides. Detailed development durations for each instar 163 

are contained in Supplementary Table S1. Female adults reared on C. papaya 164 

lived significantly longer than those fed on the other three plants, although 165 

there was no significantly difference between those fed on C. papaya and S. 166 

tuberosum. The egg duration was, however, significantly longer in the F1 and 167 

F2 generations when reared on I. batatas and S. tuberosum. The durations of 168 

male larvae on I. batatas and S. tuberosum were shortened in the F1 and F2. The 169 
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larvae durations of females were unchanged when reared on the three host 170 

plants. The female adult longevities were unchanged on C. papaya and I. bata- 171 

tas, but were shortened on S. tuberosum. The adult longevities of the males 172 

were shortened on I. batatas and S. tuberosum, but unchanged on C. papaya. 173 
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Table 1. Developmental time of Paracoccus marginatus reared on four different host plants (F0 - F2). 174 

Stage (d) Generation 
Carica papaya Ipomoea batatas Solanum tuberosum 

Alternanthera philoxe-

roides 

n Mean ± SE n Mean ± SE n Mean ± SE n Mean ± SE 

Egg F0 95 5.18 ± 0.04aA 100 5.21 ± 0.04aC 100 5.20 ± 0.08aB 100 5.23 ± 0.05a 

 F1 92 5.16 ± 0.06bA 98 6.22 ± 0.05aB 88 6.26 ± 0.06aA - - 

 F2 100 5.24 ± 0.06cA 90 6.91 ± 0.04aA 84 6.13 ± 0.09bA - - 

Female larvae F0 47 12.36 ± 0.16cA 17 14.29 ± 0.41bA 45 14.04 ± 0.30bA 2 18.50 ± 0.50a 

 F1 45 11.98 ± 0.18bA 30 14.00 ± 0.31aA 40 15.07 ± 0.47aA - - 

 F2 49 12.24 ± 0.16bA 33 13.70 ± 0.34aA 40 14.32 ± 0.35aA - - 

Male larvae F0 39 13.92 ± 0.21dA 65 17.18 ± 0.30bA 44 15.43 ± 0.20cA 9 20.22 ± 1.05a 

 F1 40 13.50 ± 0.26bA 53 15.53 ± 0.24aB 44 15.20 ± 0.19aAB - - 

 F2 44 13.64 ± 0.21cA 51 15.55 ± 0.15aB 38 14.61 ± 0.24bB - - 

Female adult F0 47 20.09 ± 0.55aA 17 15.65 ± 1.23bA 45 19.87 ± 0.94abA 2 8.00 ± 1.00c 

 F1 45 19.18 ± 0.56aA 30 18.53 ± 1.63aA 40 13.97 ± 1.27bB - - 

 F2 49 19.67 ± 0.56aA 33 17.12 ± 1.22aA 40 14.28 ± 1.44bB - - 

Male adult F0 39 3.28 ± 0.18aA 65 3.48 ± 0.14aA 44 3.41 ± 0.20aA 9 3.67 ± 0.62a 

 F1 40 3.48 ± 0.17aA 53 3.21 ± 0.14aAB 44 3.11 ± 0.15aAB - - 

 F2 44 3.50 ± 0.16aA 51 3.00 ± 0.13bB 38 2.87 ± 0.13bB - - 

The data (Mean ± SE) followed by the same letters were not significantly different by paired bootstrap test (P 175 
< 0.05). Lowercase letters indicated comparison among different host plants, and capital letters indicated 176 
comparison among different generations. 1st instar, 2nd instar, 3rd instar, and pupa were combined to larvae 177 
in data statistics. 178 
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The age-stage-specific survival rates (sxj) of P. marginatus reared on the 179 

four host plants (F0) are plotted in Figure 1. Because the age-stage life table is 180 

capable of describing the stage differentiation, obvious stage overlapping can 181 

be observed in Figure 1. When P. marginatus were reared on A. philoxeroides, 182 

the probability of an egg surviving to the 2nd instar was extremely low (i.e., 183 

0.150, 11 individuals), and significantly lower than on other host plants. Only 184 

two eggs successfully developed into female adults. In contrast, the survival 185 

rates to the 2nd instar larvae when reared on C. papaya were as high as 0.924 186 

and 0.930 in F1 and F2, respectively; higher survival rates to female adult (0.489 187 

and 0.490) were also observed in the F1 and F2. Similar high survival rates oc- 188 

curred in the male adults (0.435 in F1 and 0.440 in F2). Lower survival rates 189 

were observed when reared on I. batatas and S. tuberosum, (Figure 2). The nar- 190 

row distribution of male adult survival curves (sxj) showed that all male adults 191 

had shorter lifespans than the females. 192 

 193 

Figure 1. Age-stage-specific survival rate (sxj) of Paracoccus marginatus reared on four 194 
different host plants (F0). 195 
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 196 

Figure 2. Age-stage-specific survival rate (sxj) of Paracoccus marginatus reared on three 197 
different host plants (F1- F2). 198 

 199 

The preadult survival rate of P. marginatus reared on A. philoxeroides in F0 200 

was extremely low (sa = 0.110), while no significant differences occurred 201 

among C. papaya, I. batatas and S. tuberosum. The preadult survival rate of P. 202 

marginatus reared on I. batatas increased to 0.933 in F2. A higher proportion of 203 

female adults of P. marginatus were observed in F0 on C. papaya (Nf /N = 0.495) 204 

and S. tuberosum (Nf /N = 0.450). The Nf /N value on I. batatas was 0.170. An 205 

extremely low Nf /N value (0.023) was observed on A. philoxeroides. In the F2 206 

the Nf /N values remained constant on C. papaya and S. tuberosum; but in- 207 

creased to 0.367 on I. batatas. In F0, a significantly highest proportion of male 208 

adults (Nm /N) of P. marginatus was observed on I. batatas (0.650). The Nm /N 209 

values on C. papaya and S. tuberosum were 0.411 and 0.440, respectively. An 210 

extremely low Nm /N ratio (0.090) was observed on A. philoxeroides. The Nm /N 211 

ratio did not change from F1 to F2 (Table 2).  212 

In the F0 generation, the highest fecundity (F) of P. marginatus occurred 213 

on C. papaya (202.70 hatched eggs/female), which was significantly higher 214 

than in the other three plants. Paracoccus marginatus produced, on average, 215 
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6.50 eggs/female when reared on A. philoxeroides. Because none of the eggs 216 

produced on this host were viable, the mean fecundity was zero (Table 2). 217 

Lower fecundities were observed on I. batatas and S. tuberosum as 98.83 218 

hatched eggs/female and 127.46 hatched eggs/female, respectively. On I. bata- 219 

tas, the fecundity increased in F1 (229.50 hatched eggs/female) and F2 (203.76 220 

hatched eggs/female) (Table 2). 221 
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Table 2. Preadult survival rate (sa), proportion of female adults (Nf /N), proportion of 222 
male adults (Nm/N), and fecundity (F) of Paracoccus marginatus reared on four different 223 
host plants (F0 - F2). 224 

Population parameter 
Genera-

tion 
Carica papaya Ipomoea batatas 

Solanum tu-

berosum 

Alternanthera 

philoxeroides 

Preadult survival rate (sa) F0 0.905 ± 0.030aA 0.820 ± 0.038aB 0.890 ± 0.031aA 0.110 ± 0.031b 

 F1 
0.924 ± 

0.028abA 
0.847 ± 0.036bB 0.955 ± 0.022aA - 

 F2 0.930 ± 0.026aA 0.933 ± 0.026aA 0.929 ± 0.028aA - 

Proportion of female adults  

(Nf /N)  
F0 0.495 ± 0.051aA 0.170 ± 0.038bB 0.450 ± 0.050aA 0.023 ± 0.012c 

 F1 0.489 ± 0.052aA 
0.306 ± 

0.047bA 
0.455 ± 0.053aA - 

 F2 0.490 ± 0.050aA 0.367 ± 0.051aA 0.476 ± 0.055aA - 

Proportion of male adults  

(Nm/N) 
F0 0.411 ± 0.050bA 0.650 ± 0.048aA 0.440 ± 0.049bA 0.090 ± 0.050c 

 F1 0.435 ± 0.052aA 0.541± 0.050aA 0.500 ± 0.053aA - 

 F2 0.440 ± 0.049aA 0.567 ± 0.052aA 0.452 ± 0.054aA - 

Fecundity (F) (hatch 

eggs/female) 
F0 

202.70 ± 

17.68aA 
98.93 ± 23.04bB 

127.46 ± 

18.79bA 
0 

 F1 
202.46 ± 

24.08aA 

229.50 ± 

41.84aA 

127.38 ± 

25.40bA 
- 

 F2 
215.27 ± 

20.32aA 

203.76 ± 

35.72abA 

121.51 ± 

25.35bA 
- 

The data (Mean ± SE) followed by the same letters were not significantly different by paired bootstrap test (P 225 
< 0.05). Lowercase letters indicated comparison among different host plants, and capital letters indicated 226 
comparison among different generations. 227 
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The age-specific survival rate (lx) of P. marginatus in F0 is shown in Figure 228 

3. Because the lx curve is the simplified version of sxj, the stage differentiation 229 

is not observable. The 50% survival rate of P. marginatus occurred at age 26, 230 

25, 26, and 13 d on C. papaya, I. batatas, S. tuberosum, and A. philoxeroides, re- 231 

spectively. In F2, the 50% survival rate of P. marginatus on I. batatas and S. tu- 232 

berosum, changed at age 26 and 24, respectively. Higher curves of the age-spe- 233 

cific fecundity (mx) and net maternity (lxmx) were observed on C. papaya. Alt- 234 

hough there was a relatively high peak of 27 eggs at 40 d on I. batatas, the low 235 

survival rate (lx) caused the net maternities (lxmx) to be very low. When reared 236 

on S. tuberosum, the high peak of mx (18.4 eggs) occurred at age 26 d, the re- 237 

maining mx values were, for the most part, greater than 5 eggs. The mx and 238 

lxmx values on C. papaya and S. tuberosum did not change significantly; they 239 

did, however, increase on I. batatas during the F1 and F2 generations (Figure 4). 240 

 241 

Figure 3. Age-specific survival rate (lx), fecundity (mx), and net maternity (lxmx) of Paracoccus marginatus 242 
reared on four different host plants (F0). The red vertical dashed line in the Figures denotes the age at which 243 
the survival rate lx ≤ 0.5. 244 
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 245 

Figure 4. Age-specific survival rate (lx), fecundity (mx), and net maternity (lxmx) of Paracoccus marginatus 246 
reared on three different host plants (F1-F2). The red vertical dashed line in the Figures denotes the age at 247 
which the survival rate lx ≤ 0.5. 248 

The age-stage-specific life expectancy (exj) values for the F0 generation of 249 

P. marginatus on the four host plants are shown in Figure 5. The life expectancy 250 

of a newly laid egg of P. marginatus was 29.0, 24.5, 29.3, and 14.9 d in the F0. 251 

Because the survival rate from the 1st instar to the 2nd instar on A. philoxeroides 252 

was extremely low (0.15), and individuals surviving to the 2nd instar could, for 253 

the most part, complete their development to adults, the exj curve of the 2nd 254 

instar was significantly higher than in the 1st instar. The detailed exj curves on 255 

C. papaya, I. batatas and S. tuberosum during F1 and F2 are shown in Supple- 256 

mentary Figure S1. 257 
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 258 

Figure 5. Age-stage-specific life expectancy (exj) of Paracoccus marginatus reared on four 259 
different host plants (F0). 260 

The age-stage specific reproductive value (vxj) of P. marginatus in F0 is 261 

shown in Figure 6. The vxj at age zero is exactly equal to the finite rate of in- 262 

crease (λ), i.e., 1.1945, 1.0970 and 1.1475. The vxj increased with age. When 263 

reared on I. batatas, the vxj curve significantly increased when female adults 264 

emerged. Similar increases in the vxj curves were observed on C. papaya and S. 265 

tuberosum; due to the high percentage of female adults, however, this increase 266 

is not obvious. The peak dates of vxj were close to the total pre-oviposition 267 

period (TPOP). Detailed vxj curves on C. papaya, I. batatas and S. tuberosum for 268 

F1 and F2 are shown in Supplementary Figure S2. 269 
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 270 

Figure 6. Age-stage-specific reproductive value (vxj) of Paracoccus marginatus reared on 271 
three different host plants (F0). The red vertical dashed line in each figure denotes the 272 
total preoviposition period (TPOP). 273 

 274 

3.2. Population Parameters of P. marginatus after Host Plant Shifting 275 

There were significant differences in the population parameters in the F0 276 

generation of P. marginatus after host plant shifting (Table 3). The highest val- 277 

ues of the net reproductive rate (R0), intrinsic rate of increase (r), and finite 278 

rate of increase (λ) for P. marginatus occurred on C. papaya (i.e., 100.26 off- 279 

spring, 0.1778 d-1 and 1.1945 d-1). Significantly lower R0, r and λ values were 280 

observed when reared on I. batatas and S. tuberosum. Because only inviable 281 

eggs were produced on A. philoxeroides, population parameters could not be 282 

estimated on this host. The mean generation time (T) of P. marginatus reared 283 

on C. papaya was significantly shorter than on I. batatas and S. tuberosum. Alt- 284 

hough the R0, r and λ values were not significantly changed in the F1 and F2 285 

individuals when reared on C. papaya and S. tuberosum, higher values did oc- 286 

cur in the F1 and F2 when reared on I. batatas. 287 
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Table 3. Population parameters of Paracoccus marginatus reared on three different host plants (F0 - F2). 288 

Population parameter Generation Carica papaya Ipomoea batatas Solanum tuberosum 

Net reproductive rate (R0) (offspring) F0 100.26 ± 13.56aA 16.82 ± 5.31cB 57.36 ± 10.53bA 

 F1 98.97 ±15.76aA 70.32 ±16.63abA 57.98 ± 13.31bA 

 F2 105.51 ± 4.98aA 74.64 ±5.09abA 57.88 ±13.74bA 

Intrinsic rate of increase (r) (d-1) F0 0.1778 ± 0.0053aA 0.0926 ± 0.0109cB 0.1376 ± 0.0069bA 

 F1 0.1747 ± 0.0064aA 0.1357 ± 0.0080bA 0.1389 ± 0.0084bA 

 F2 0.1824 ± 0.0064aA 0.1435 ± 0.0075bA 0.1361 ± 0.0085bA 

Finite rate of increase (λ) (d-1) F0 1.1945 ± 0.0064aA 1.0970 ± 0.0119cB 1.1475 ± 0.0079bA 

 F1 1.1909 ± 0.0076aA 1.1454 ± 0.0091bA 1.1490 ± 0.0097bA 

 F2 1.2000 ± 0.0076aA 1.1543 ± 0.0086bA 1.1459 ± 0.0097bA 

Mean generation time (T) (d) F0 25.92 ± 0.30bA 30.48 ± 1.08aAB 29.43 ± 0.61aA 

 F1 26.30 ± 0.46cA 31.34 ± 0.42aA 29.23 ± 0.58bA 

 F2 25.56 ± 0.40bA 30.05 ± 0.39aB 29.81 ± 0.61aA 

The data (Mean ± SE) followed by the same letters were not significantly different by paired bootstrap test (P 289 
< 0.05). Lowercase letters indicated comparison among different host plants, and capital letters indicated 290 
comparison among different generations. 291 



Insects 2021, 12, x FOR PEER REVIEW 16 of 23 

 
  

 

 16 

3.3. Population Projection of P. marginatus 292 

The population growth and stage structures of P. marginatus reared on C. 293 

papaya, I. batatas and S. tuberosum (F2) are shown in Figure 7. Starting with an 294 

initial population of 10 newly eclosed 1st instar larvae, P. marginatus could de- 295 

velop to the third generation on C. papaya within 60 d, with a population size 296 

reaching as many as 89,552 individuals. However, only two intact generations 297 

were observed on I. batatas and S. tuberosum, where the population sizes at 60 298 

d were 12,067 and 15,555 individuals, respectively. When the life tables of the 299 

2.5th and 97.5th percentiles of the net reproductive rate (R0) were used to pro- 300 

ject the variability of population growth, the population size on C. papaya 301 

ranged from 49,033 to 144,038. However, when the life tables of the 2.5th and 302 

97.5th percentiles of the finite rate of increase (λ) were used to project the var- 303 

iability of population growth, the population size of P. marginatus ranged 304 

from 47,452 to 131,289. The stage growth rates (rj,t) of P. marginatus reared on 305 

C. papaya, I. batatas and S. tuberosum in F2 are shown in Figure 8. The growth 306 

rate curves of all stages fluctuated around the intrinsic rate of increase (r). 307 

 308 

Figure 7. Stage size [log (nj,t + 1)] and population size [log (nt + 1)] of Paracoccus marginatus reared on three 309 
different host plants (F2). 310 

user
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 311 

Figure 8. Fluctuation of growth rate of each life stage of Paracoccus marginatus reared 312 
on three different host plants (F2). The red vertical dashed line in each figure denotes 313 
the intrinsic rate of increase (r). 314 

 315 

4. Discussion 316 

Multiple factors such as population growth and total egg production 317 

should be adequately considered when evaluating the fitness of insect popu- 318 

lation. The construction and comparison of life tables is the most comprehen- 319 

sive method for describing population growth, development, survival, and 320 

reproduction of species. Because insects of different sexes and stages will usu- 321 

ally demonstrate different responses when exposed to variations in their host 322 

plants, numbers and composition of their biological enemies, extreme climate 323 

condition, pesticides, etc., it is necessary to take all of these into consideration 324 

prior to formulating an effective pest management strategy (Fu et al. 2016, 325 

Chen et al. 2018, Mastoi et al. 2018, Shi et al. 2019). In order to accomplish this, 326 

life tables are fundamental to achieving a comprehensive assessment of a pop- 327 

ulation’s fitness on a given host plant. Thus, it is important to use the age- 328 
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stage, two-sex life table method to assessed the fitness changes that occurred 329 

after host plant shifting in P. marginatus. 330 

The age-stage, two-sex life table not only includes the male component 331 

of a population, but is also capable of describing the overlapping and differ- 332 

entiation of each stage (Huang et al. 2018). Although the males and females of 333 

P. marginatus have a different number of developmental stages, the stage dif- 334 

ferentiation can still be precisely described as shown in Figures 1, 2, 5 and 335 

Supplementary Figure S1. 336 

Because the hatch rate of eggs varies with the age of the female adults, 337 

using only hatched eggs will enable a more accurate estimate of the popula- 338 

tion parameters being studied (Jha et al. 2012, Mou et al. 2015). The highest 339 

fecundity of P. marginatus was observed on C. papaya (F = 215.27 hatched 340 

eggs/female). Seni et al. (2015) reported the fecundity of P. marginatus on C. 341 

papaya as 291 total eggs/female (greater than 215.27 hatched eggs/female), 342 

however, the hatch rate was omitted in their study. 343 

By using the age-stage, two-sex life table, He et al. (2021) reported a 344 

longer developmental duration and lower intrinsic rate of increase for Spodop- 345 

tera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae) when reared on soybean, 346 

while a shorter developmental duration and higher intrinsic rate occurred on 347 

sunflower. Karimi-Pormehr et al. (2018) reported a shorter developmental 348 

time, higher survival rate and fecundity in Sitotroga cerealella (Olivier) (Lepi- 349 

doptera: Gelechiidae) on a more suitable cultivar (‘19A1’) of barley, while not- 350 

ing a longer developmental time and lower fecundity when reared on a less 351 

suitable cultivar (‘Fajr30’). In this study, when P. marginatus was reared on C. 352 

papaya, the developmental durations of the 1st, 2nd and 3rd instar (female) was 353 

significantly reduced (Supplementary Table 1), however, the reverse occurred 354 

when reared on I. batatas and S. tuberosum. While the fecundity of P. margina- 355 

tus was significantly higher on C. papaya overall in this study, it was signifi- 356 

cantly lower on I. batatas (F0). The insects have trade-offs between develop- 357 

ment and reproduction. When the basic ‘development’ need of insects were 358 

met by suitable host plants, insects tend to allocate more energy to reproduc- 359 

tion. 360 

Our results showed that P. marginatus reared on C. papaya had a signifi- 361 

cantly higher proportion of female adults (Nf /N), while a lower Nf /N occurred 362 

on I. batatas in the F0 generation. Lewontin (1965) demonstrated the first age 363 

of reproduction plays an important role on the values of r and λ. When P. 364 

marginatus was reared on C. papaya, reproduction in the F0 generation started 365 

at 18 d, but advanced to 15 d in F2. The three days change resulted in the value 366 

of r increasing from 0.1778 d-1 (F0) to 0.1824 d-1 (F2), while λ increased from 367 

1.1945 d-1 (F0) to 1.2000 d-1 (F2) (Fig 4-5). Consequently, this change resulted in 368 

P. marginatus reared on C. papaya having higher values for their population 369 

parameters (r and λ) due to their higher survival and fecundity on this host. 370 

The opposite was true when reared on I. batatas and S. tuberosum. 371 

By using the age-stage, two-sex life table, the stage structure and fluctu- 372 

ation of growth rate of different stages can be observed using population pro- 373 

jection. In addition, the life tables constructed based on the 2.5th and 97.5th 374 

percentiles of R0 and λ can be used to disclose the variabilities that occur dur- 375 

ing population growth (Huang et al. 2018). 376 

When host plant shifting happens, the fitness of the insect population to 377 

the new host plant may recover after a few generations. Quezada et al. (2015) 378 

showed that Choristoneura fumiferana (Clemens) (Lepidoptera: Tortricidae) 379 

consecutively reared on less nutritional host plants three generations would 380 

show an “adaptive response”. Meihls et al. (2008) demonstrated that after 381 

three generations of being reared on Bt corn, the survival rate of Diabrotica v. 382 

virgifera (LeConte) (Coleoptera: Chrysomelidae) was comparable to beetles 383 
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reared on normal corn. In this study, when P. marginatus transferred from S. 384 

tuberosum to C. papaya, all population parameters were significantly higher 385 

than that on other plants during three generations. It demonstrated that, even 386 

though P. marginatus initially survival on S. tuberosum for multiple genera- 387 

tions, the insects transferred to C. papaya still had a higher fitness. However, 388 

after transferal to I. batatas, the fitness of P. marginatus initially decreased in F0 389 

and then rebounded in F1 and F2. Paracoccus marginatus showed a higher abil- 390 

ity to recover fitness on I. batata. Based on the observation that females were 391 

unable to produce viable eggs on A. philoxeroides, we concluded that this host 392 

was unsuitable for P. marginatus. This difference in the fitness of P. marginatus 393 

to host plants may be due to the volatiles, nutrients of host plants, and so on 394 

(unpublished data of authors). 395 

The age-stage, two-sex life table has been used in a number of studies 396 

involving adaptation of insects on different host plants. Guo et al. (2021) re- 397 

ported that, compared with reared on potato and tobacco, Spodoptera frugi- 398 

perda reared on maize exhibited a shorter developmental time in the larval 399 

period, more female individuals, and higher reproductive rate. Nemati- 400 

Kalkhoran et al. (2018) reported life table characteristics of Rhyzopertha domi- 401 

nica (Coleoptera: Bostrichidae) on different barley cultivars, demonstrating a 402 

higher net reproductive rate and intrinsic rate of increase occurred on the cul- 403 

tivar ‘Mahoor’. Jaleel et al. (2018) reported that Bactrocera dorsalis (Diptera: 404 

Tephritidae) females produced more eggs on guava than banana. 405 

Cipollini and Peterson (2018) pointed out potential effects of host shifting 406 

including the importance of phytophagous insects being able to find and uti- 407 

lize their ancestral hosts, potentially leading to host range expansions. The 408 

present study reported the fitness of P. marginatus after transferal from S. tu- 409 

berosum to C. papaya, I. batatas and A. philoxeroides. Because I. batatas and S. 410 

tuberosum are important food crops and C. papaya is an important fruit (Tan et 411 

al. 2015, Singh et al. 2021, Tian et al. 2021). Our results demonstrate the poten- 412 

tial damage of P. marginatus to I. batatas and S. tuberosum, and again verify the 413 

severe damage of P. marginatus to C. papaya, even if insects transfer from 414 

suboptimal host plants. These results indicate that outbreaks of P. marginatus 415 

are possible in the future and, should they occur, may result in serious eco- 416 

nomic damage. 417 

Supplementary Materials: The following supporting information are available at In- 418 
sects online, Table S1: Developmental time of Paracoccus marginatus reared on four dif- 419 
ferent host plants (F0 - F2); Figure S1: Age-stage-specific life expectancy (exj) of Para- 420 
coccus marginatus reared on three different host plants (F1-F2); Figure S2: Age-stage- 421 
specific reproductive value (vxj) of Paracoccus marginatus reared on three different host 422 
plants (F1-F2). 423 
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