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Abstract The cotton mealybug, Phenacoccus
solenopsis Tinsley (Homoptera: Pseudococcidae) is a
devastating pest that cause rigorous damage to the num-
ber of crops through feeding, managed by using various
insecticides. To assess the risk of resistance and design a
strategy for resistance management, a field collected
population of P. solenopsis was selected with deltameth-
rin in the laboratory for six generations to investigate the
cost to its fitness and to examine cross resistance to
different insecticides. Bioassay results at Gg showed that
the deltamethrin selected population (Delta-SEL) devel-
oped a resistance ratio of 100-fold compared to that of
the unselected population (UNSEL). The deltamethrin
resistance population exhibited strong cross-resistance
to acetamiprid and lambda-cyhalothrin, but no cross-
resistance to profenofos when compared to that of the
UNSEL. The relative fitness of the Delta-SEL popula-
tion was 0.37, with considerably lower survival rates
from crawler to second instar, fecundity, hatchability,
number of next generation nymphs, net reproductive rate
and biotic potential compared with that of the UNSEL.
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The cost of fitness associated with deltamethrin resis-
tance was evident in the Delta-SEL population. The
present study provided useful information for manage-
ment strategies to overcome development of resistance.
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Introduction

The mealybug, Phenacoccus solenopsis Tinsley
(Homoptera: Pseudococcidae) is a devastating pest of
cotton in different regions of the world such as Pakistan
(Afzal et al. 2015b; Hodgson et al. 2008), India
(Nagrare et al. 2009), China (YanPing et al. 2009),
United State (Kumashiro et al. 2001), Taiwan and Thai-
land (Hodgson et al. 2008), due to its polyphagous
nature. This pest has a wide host range and causes
economic damage to several crops including cotton,
ormamentals, medicinal plants and vegetables (Abbas
et al. 2010; Nagrare et al. 2009; YanPing ef al. 2009).
Phenacoccus solenopsis causes severe damage to the
cotton crop (Abbas et al. 2009; Wang et al. 2010),
mainly by sucking plant sap and producing sugary ma-
terial on which sooty mold develops, which ultimately
blocks photosynthesis (Saced et al. 2007). Attacked
plants remain stunted and produce fewer bolls, leaves
turn yellow, dry up and eventually fall off (Culik and
Gullan 2005). For being the third largest exporter of
cotton in the world, this pest is of major economic
importance to the farming community of Pakistan
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(Abbas et al. 2010; Afzal et al. 2015b; Hodgson et al.
2008; Yousuf and Tayyib 2007)

In Indo-Pakistan subcontinent, the broad spectrum
use of organochlorine, organophosphate and pyrethroid
insecticides provides an ideal atmosphere for insecticide
resistance development (Ahmad ef al. 2007a; Kranthi
et al. 2002). Deltamethrin, a pyrethroid insecticide is
applied for the control of different pests of cotton and
vegetables (Saddiq ez al. 2014; Sayyed et al. 2005). Due
to extensive use of this insecticide, resistance has been
reported in many pests of cotton and vegetables such as
diamondback moth, Plutella xylostella Linnaeus, army-
worm, Spodoptera litura Fabricius, spotted bollworm,
Earias vittella Fabricius and mealybug, P. solenopsis
(Ahmad et al. 2007b; Jan et al. 2015; Saddiq et al.
2014; Sayyed et al. 2005).

Fitness costs associated with insecticide resistance are
where the development of resistance to an insecticide is
accompanied with high energetic cost or other significant
disadvantages that diminish the insect’s fitness compared
with its susceptible counterparts in the population (Kliot
and Ghanim 2012; Mansoor et al. 2013). Roush and Daly
(1990) pointed that either the relative fitness of resistant
population increases or decreases. If relative fitness in
resistant insect pests is decreased, the discontinued use of
insecticides for which resistance has developed may re-
duce the occurrence of resistance genes and return the
vulnerability of the insects to that insecticide (Roush and
McKenzie 1987; Zaka et al. 2014). The pleiotropic effect
related with resistance alleles may be manifested as a
change in survival rates, percent eggs hatchability, fecun-
dity (eggs laid per female), developmental time and pupal
weights (Abbas ef al. 2014b; Groeters et al. 1994). Fit-
ness costs to insecticides have been documented in cotton
and vegetable pests such as P. xylostella (Cao and Han
2006; Sayyed and Wright 2001; Sun et al. 2012), tobacco
budworm, Heliothis virescens Fabricius (Sayyed et al.
2008), beet armyworm, Spodoptera exigua Hiibner
(Ishtiaq et al. 2014; Jia et al. 2009), and S. litura
(Abbas et al. 2012, 2014b). Previously, we have studied
the fitness cost in P. solenopsis to acetamiprid (Afzal
et al. 2015b).

Better understanding of life history traits changed by
costs of fitness, degree of dominance of these costs and
ecological situations which affect these fitness costs can
be helpful tools for developing strategies to manage resis-
tance. The present study was planned for determination of
life history parameters of unselected and deltamethrin-
selected populations to see the fate of fitness.
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Material and methods

Insects The P. solenopsis population was collected
from various parts of the Multan region of Punjab,
Pakistan, in April 2010. The insects were reared on
China rose, Hibiscus rosasinensis L. leaves in plas-
tic jars (22x13 ecm) at 27 £ 2 °C and 65 £ 5 %
relative humidity with a 14:10 h light: dark photo-
period. Fresh leaves of China rose were changed
every two days (Saddiq et al. 2014). Susceptible
counterpart (UNSEL) was generated by rearing
without insecticide exposure parallel to the resistant
population in the laboratory.

Insecticides Commercial-grade formulated insecticides
used for bioassays included deltamethrin (Decis super®
10EC, Bayer Crop Science, Pakistan), lambda-
cyhalothrin (Karate® 2.5EC, Syngenta, Pakistan), pro-
fenofos (Curacron® 500EC, Syngenta, Pakistan) and
acetamiprid (Mospilon® 20WP, Dow Agro-Sciences,
Pakistan).

Concentration response bioassays Bioassays on second
instar nymphs of P. solenopsis of all populations were
carried out by using a leaf-dip method (Saddiq ef al.
2014). Five concentrations of each insecticide were
prepared as serial dilutions for each insecticide. Fresh
China rose leaves were dipped in each concentration for
10 seconds and air-dried at room temperature for 1-1.5
hour. Five second instar nymphs were introduced in
each Petri dish, and each treatment was repeated 5 times.
A total of 25 nymphs were used for each concentration.
For the control, China rose leaves dipped in tap water
(without insecticides) were presented to the nymphal
instars. Mortality was assessed after 48 h exposure to
deltamethrin, lambda-cyhalothrin, and profenofos and
72 h exposure to acetamiprid. Nymphs were considered
dead if they failed to move after a gentle touch with a
fine brush (Afzal ez al. 2015b).

Selection with deltamethrin The field collected popula-
tion designated as Field Pop was divided into two sub-
populations at second generation (G;). One population
was left unexposed, designated as UNSEL while second
one was continuously selected with different concentra-
tions of deltamethrin (21.21, 60.00, 120.47, 181.71,
334.06 ugmL™) for six consecutive generations. An
average of 170 nymphs were selected per generation.
After 48 hours exposure to deltamethrin, mortality was
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determined and the surviving nymphs were used as
parents of the next generation.

Life history parameters Beginning with the 8th genera-
tion, 75 newly hatched crawlers were collected random-
ly from each of the UNSEL and Delta-SEL populations
for the experiment. The young crawlers were weighed
and reared in plastic jars (14 x 9 cm) at 27 =2 °C and 65
+5 % RH with a 14:10 h light: dark photoperiod. The
nymphs were fed daily on fresh China rose leaves and
observed for different life history parameters. For each
population, the jars were set as three replicates. Nymph-
al mortality was observed daily. Nymphal duration and
time of development (DT) from egg to adult female and
male were recorded.

A total of 17 females and 5 males for UNSEL and 22
females and 3 males were used for egg laying. Small
numbers of males were due to low proportion in the
population. The fecundity was recorded as no of
eggs/female until death and the hatchability was
recorded according to Liu and Han (2006) as Hatchabil-
ity = All neonates / All eggs. The net reproductive rate
(Ro) was estimated according to Jia ef al (2009) as
Ro=N,+; / N, Where N, is the neonate numbers of
parental generation and N1 is the neonate numbers of
next generation. The relative fitness was calculated ac-
cording to Abbas et al. (2012) as Relative fitness = Ro
of the Delta-SEL / Ro of the UNSEL

Estimation of realized heritability Following, the meth-
od of Falconer et al. (1996) and Tabashnik (1992), the
realized heritability (4%) of resistance to deltamethrin
and other insecticides was estimated as follows:

¥ =R/S

In the above equation, R (selection response) was
estimated as follows:

R = (log final LCsy—log initial LCs) /n

Final LCsy means the LCso of population after six
generations of continuous selection, initial LCsy means
the LCs of field population before selection and » means
the number of generations selected with deltamethrin.

Whereas, S (Selection differential) was calculated as
follows:

S=ixop

Where i mean intensity of selection calculated ac-
cording to following formula:

i = 1.583-0.0193336p + 0.0000428p> + 3.65194 /p

Where p is the average percentage of surviving rate
(Tabashnik and McGaughey 1994).

op means phenotypic standard deviation calculated
as follows:
op = [(initial slope + final slope)O‘S]_ll

The number of generations required for a ten-fold
increase in the LCsg of deltamethrin and other insecti-
cides were calculated as follows:

G=1/R

Statistical Analysis The concentration response data
was analyzed by probit analysis (Finney 1971) with
Polo Software (Software 2005), to assess the LCsg
values, their standard errors, slopes and 95% fiducial
limits (FL). Mortality was corrected by Abbott’s formu-
la (Abbott 1925), whenever necessary. Resistance Ratio
(RR) and its 95% CL were calculated by dividing the
LCso value and its 95% FL of the Delta-SEL strain
divided by the LCs, of the UNSEL strain. Resistance
ratio were considered significantly different if the 95%
CL did not include the value of 1 which is for UNSEL
strain (Robertson and Preisler 1992).

For comparison of the life history traits of the strains,
the two sample ¢ test was used with Statistix version 8.1,
Analytical software (Anonymous 2005). Means were con-
sidered significantly different when P values were < 0.05.

Results

Response of UNSEL, Field Pop and Delta-SEL popula-
tions of P. solenopsis to various insecticides The toxic-
ities of deltamethrin, profenofos and acetamiprid in the
Field Pop were not significantly different (95% FL
overlap) when compared with that of the UNSEL and
produced a resistance ration of 3.18-fold, 4.78-fold and
9.72-fold, respectively. The toxicity of lambda-
cyhalothrin in the Field Pop was significantly different
(95% FL did not overlap) when compared with that of
the UNSEL and exhibited a resistance ration of 8.15-
fold (Table 1).

@ Springer



86

Phytoparasitica (2016) 44:83-90

Table 1 Concentration response of the Field Pop, UNSEL and Delta-SEL populations of Phenacoccus solenopsis to various insecticides

Population Insecticide LCso (95 % FL) uygmL™  Slope (+: SE)  x2 af P n* RR® (95% CL°)
UNSEL (G7) Deltamethrin 6.60 (2.15-11) 1.05(+0.29) 0.11 3 027 150  1.00

Field Pop (Gy) Deltamethrin 21 (3.13-41) 137 (#0.39) 5.18 3 099 150 3.18(0.47-6.21)
Delta-SEL (Gg) ~ Deltamethrin 658 (447-1340) 1.75 (#0.37) 136 3 085 150 100 (68-203)
UNSEL (G7) Lambda-cyhalothrin 13 (6.27-20) 1.12(+0.28) 0.08 3 099 150 1.00

Field Pop (Gy) Lambda-cyhalothrin 106 (62-191) 1.31(#032) 024 3 099 150  8.15(4.77-15)
Delta-SEL (Gg) ~ Lambda-cyhalothrin 247 (153-587) 1.12(#0.29) 062 3 096 150 19 (12-45)
UNSEL (G7) Profenofos 36 (9.87-62) 1.05(x0.29) 0.14 3 093 150  1.00

Field Pop (G>) Profenofos 172 (60-288) 1.19(#031) 084 3 099 150  4.78 (1.67-8.00)
Delta-SEL (Gg) ~ Profenofos 73 (44-105) 1.54 (#0.31) 034 3 099 150  2.03(1.22-2.92)
UNSEL (G;) Acetamiprid 4.73 (0.03-12) 0.86 (+0.32) 028 3 098 150  1.00

Field Pop (G,) Acetamiprid 46 (8.70-84) 099 (£0.29) 046 3 099 150  9.72 (1.84-18)
Delta-SEL (Gg) ~ Acetamiprid 354 (224-870) 132 (#0.31) 122 3 087 150 75 (47-184)

# n =Number of second instar nymphs used in bioassay, including control.
® RR = resistance ratio, calculated as (LCs of the Field Pop and Delta-SEL populations) / (LCs, of the UNSEL).

¢ Confidence limits

The toxicities of all tested insecticides on the Delta-
SEL were significantly lower than that of the UNSEL.
The toxicities of deltamethrin and acetamiprid in the
Delta-SEL were significantly different (95% FL did
not overlap) when compared with the Field Pop while
the toxicities of lambda-cyhalothrin and profenofos
were similar (95% FL overlap). After 7 generations of
selection, the Delta-SEL population developed a resis-
tance ratio of 100-fold to deltamethrin when compared
with the UNSEL (Table 1).

Cross-resistance to other insecticides in the Delta-SEL
population The Delta-SEL population at Gg was used to
assess the cross-resistance against different insecticides.
Results indicated that the Delta-SEL population showed
strong evidence of cross-resistance against acetamiprid
(75-fold) and lambda-cyhalothrin (19-fold) but lack of
cross-resistance to profenofos (95% FL overlap, RR =
2.03-fold), when compared to the UNSEL (Table 1).

Fitness parameters The survival rate from crawler to
2" instar nymph of the Delta-SEL strain was signifi-
cantly lower in comparison with the UNSEL strain (df =
4,t=12.37,P <0.001). The male nymphal duration (df
=4,t=0.45, P=0.68) and female nymphal duration (df
=4,t=-0.40, P =0.71) of the Delta-SEL strain did not
significantly differ from that of the UNSEL strain. There
were also no significant difference in developmental
time (DT) from egg to adult female (df = 4, t = -0.64,
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P = 0.56) and male (df = 4, t = 0.78, P = 0.48) of the
Delta-SEL strain compared with the UNSEL strain. The
number of eggs laid per female of the Delta-SEL strain
was significantly lower in comparison with the UNSEL
strain (df =4, t=4.47, P=0.01). There were significant
difference in percent hatching (df =4,t=3.34, P =0.03)
of the Delta-SEL strain compared with the UNSEL
strain. The biotic potential of the Delta-SEL strain was
significantly lower (df =4, t=3.12, P = 0.04) compared
with that of the UNSEL strain. The number of next
generation crawlers of the Delta-SEL and UNSEL
strains were 1874 and 5021, respectively. The net repro-
ductive rate of the Delta-SEL and UNSEL strains was
79.74 and 212.17, respectively. The relative fitness of
the Delta-SEL strain was 0.37 compared with the
UNSEL strain (Table 2).

Realized heritability After six generations of continuous
selection with deltamethrin, the LCs value increased from
21 - 658 pgmL ™" and the slope increased from 1.37 - 1.75
in the Delta-SEL population of P, solenopsis. The values
estimated for realized heritability (/%) to deltamethrin re-
sistance and cross-resistance to lambda-cyhalothrin, pro-
fenofos and acetamiprid were 0.84, 0.16, -0.18 and 0.37,
respectively in P. solenopsis (Table 3). The number of
generations required for a ten-fold increase in LCsy of
deltamethrin, lambda-cyhalothrin, profenofos and
acetamiprid were expected to be 4, 17, -17 and 7, respec-
tively (reciprocal of R; Table 3).
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Table 2 Life history parameters of the UNSEL and Delta-SEL
populations of Phenacoccus solenopsis

Fitness Parameters UNSEL Delta-SEL
(= SE) (= SE)
Survival rate from crawler 89 +£1.33 42.67 £3.53*
to 2nd instar (%)
Male nymphal duration (days) 15 +0.88 14.67 +1.20
Female nymphal 20+ 0.88 20.67 £2.33
duration (days)
DT from egg to adult 23 +1.15 24.67 £2.33
female (days)
DT from egg to adult 24+1.33 2233 +£2.19
male (days)
Fecundity (egg/female) 371.98+£50.94 128.51+19.29*
Hatching (%) 83.44+447 6828 £0.76*
Biotic potential (Bp) 7.59 +0.09 5.93 +£0.29*
No of next generation crawlers 5021 1874
Net reproductive rate (Ro) 212.17 79.74
Relative Fitness 1 0.37

* indicate a significant difference between the two strains (t-test,
P=>0.05)

Discussion

The field population (G,) exhibited a 3.18-fold resis-
tance to widely used pyrethroid insecticide, deltameth-
rin before selection. After six generations of experimen-
tal exposure, the Delta-SEL population of P. solenopsis
developed 100-fold resistance compared to that of the
UNSEL suggesting that the selection had marked effect
on the development of resistance. The increase in LCs
value of an insecticide due to constant exposure to the

same group of insecticides is known as cross-resistance
(Tabashnik et al. 1987). Cross-resistance among the
same and different group of insecticides is a normally
observed event (Abbas et al. 2014a). However, low
cross-resistance among pyrethroid group of insecticides
in many insects is documented. For example, Ahmad
et al. (2007b) found that deltamethrin selected popula-
tion of S. litura showed low cross-resistance against
cypermethrin (17-fold) and no cross-resistance against
organophosphate insecticides. Similarly, the deltameth-
rin selected population of P. xylostella showed low
cross-resistance against spinosad (10-fold), and no
cross-resistance against fipronil (1-fold) and indoxacarb
(2-fold) (Sayyed et al. 2005). The results of the present
study showed that the Delta-SEL population of
P. solenopsis (100-fold) developed no cross-resistance
to profenofos (95% FL overlap), while significant cross-
resistance to lambda-cyhalothrin and acetamiprid (95%
FL did not overlap) compared to the UNSEL. Lack of
cross-resistance between deltamethrin and profenofos
suggests that this insecticide could be used as alterna-
tives due to low resistance risk for delaying the devel-
opment of resistance to deltamethrin in P. solenopsis.
The results of the present study showed that the costs
of fitness are related with the resistance of deltamethrin
in this pest. Insecticides can change the biology of
resistant organisms. Studying the relative fitness of the
resistant population is essential for understanding and
managing the resistance problems (Abbas et al. 2014b;
Georghiou and Taylor 1977). It is usually believed that
the biological characteristics (e.g. declined fecundity
and hatchability) change the relative fitness of the

Table 3 Estimation of realized heritability (4%) of resistance to deltamethrin and cross-resistance to other insecticides in the laboratory

selected population of Phenacoccus solenopsis

Estimation of mean selection
response per generation

Estimation of mean selection
differential per generation

Number of Insecticide Initial log LCso Final log LCsy Response P I Initial Final op  Selection "

generations (ngmL™) (ugmL™) to selection (R) slope  slope differential (S)

selected (n)

6 Deltamethrin ~ 1.32 2.82 0.25 72 046 137 175 0.64 0.30 0.84

6 Lambda- 2.03 2.39 0.06 72 046 131 1.2 082 038 0.16
cyhalothrin

6 Profenofos 224 1.86 -0.06 72 046 1.19 154 0.73 034 -0.18

6 Acetamiprid  1.66 2.55 0.15 72 046 099 132 0.87 040 0.37

P = average percentage of surviving adult flies throughout selection.
1= intensity of selection.

op = phenotypic variation.
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resistant population. The present results showed that
under continuous selection pressure, the Delta-SEL pop-
ulation had significantly lower number of eggs laid by
the females, lower hatching and lower biotic potential.
Therefore, deltamethrin resistance in P. solenopsis pop-
ulation corresponded with significant decrease in most
of the life history traits and these results indicate the
occurrence of trade off in resource distribution between
the fitness costs and resistance. Previously, fitness costs
associated with deltamethrin resistance has been docu-
mented in H. virescens (Sayyed et al. 2008). This is the
first report of fitness cost of deltamethrin resistance in
P solenopsis worldwide to the best of author’s
knowledge.

Realized heritability (%) is the proportion of pheno-
typic variation (VP) accounted for by additive genetic
variation (VA), which may decrease either due to the
decrease in VA or to the increase in environmental
variance (VE) (Falconer et al. 1996). In this study, the
high A after six generations of selection with deltameth-
rin indicated that P. solenopsis may have higher chances
of resistance development to deltamethrin. This high 4*
reflects higher additive genetic and lower environmental
variations for deltamethrin resistance. The present re-
sults are similar to those obtained with deltamethrin (4*
=0.49) in P, xylostella (Sayyed et al. 2005) and lambda-
cyhalothrin (% = 0.2) and beta-cypermethrin (4* = 0.3)
in house fly, Musca domestica (Abbas et al. 2014a;
Zhang et al. 2008). This is in agreement with the fact
that the population was collected from a cotton field
where a variety of insecticides, including deltamethrin,
lambda-cyhalothrin, profenofos and acetamiprid were
being used to control different pests (Afzal et al.
2015a; Saddiq et al. 2014). Moreover, the other likely
explanation for high heritability is that 4 is artificially
inflated by the decrease in VE, as expected from the
field to the laboratory (Abbas et al. 2014a; Klerks ef al.
2011). The number of generations required for a ten-fold
increase in LCso value of the Delta-SEL strain was
estimated to be 4 generations if a field population re-
ceived prolonged exposure to deltamethrin and 72% of
individuals survived the selection pressure of different
concentration of deltamethrin. Although laboratory ex-
periments do not always reflect field conditions, /4*
estimated in the laboratory provides useful information
on the potential for resistance increase in P. solenopsis
(Tabashnik 1992).

Management of insecticide resistance mainly de-
pends on the costs of fitness, such as the number of
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resistance controlling factors which would be reduced
when selection pressure is stopped (Ferré and Van Rie
2002). Analysis of models recommends that fitness
costs may delay the development of resistance to insec-
ticides within a pest population (Tabashnik ez al. 2003).
In the present study, selected population had disadvan-
tage than the UNSEL which showed that the resistance
development against deltamethrin would be delayed.
All the tested insecticides are used by the farmers in
Pakistan for the control of cotton pests including
P. solenopsis. Based on the findings of the present
research, it can also be concluded that for good man-
agement of P, solenopsis under field conditions, rotation
of deltamethrin with profenofos which have no/weak
cross-resistance should be implemented in resistance
management strategies. Moreover, insecticides with
novel modes of action like insect growth regulators
should be rotated to delay the development of resistance.
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