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Abstract. Lygus lineolaris (Palisot de Beauvois, 1818) (tarnished plant bug) is a serious pest of cotton (Gossypium hirsutum L.)
in the Delta region as compared to cotton in the Hills region of the state of Mississippi in USA. The reason for this is unclear but
it was hypothesized that the plant cell wall degrading polygalacturonase enzyme system in the salivary glands of L. lineolaris
from the Delta could be better adapted for cotton, which is grown more predominantly in the Delta region than in the Hills region.
Expression analysis of three primary polygalacturonase genes (LIPG1, LIPG2 and LIPG3) was conducted in laboratory reared
and field collected populations of L. lineolaris. Assay of polygalacturonase enzyme activity was also conducted to compare wild
collected populations. Initial laboratory and field data revealed gene expression differences in sex, age, region, and host plant
which guided the direction of our subsequent study during 2013 and 2014. Based on the results of this study, we propose that
the three genes studied may not be reflective of the entire polygalacturonase enzyme system and may not be solely responsible
for the observed adaptation of L. lineolaris to cotton in the Delta region than in the Hills region. Analyses also revealed that the
expression of the three targeted polygalacturonase genes was affected by the host plant from which the insects were collected
and that adults had higher polygalacturonase expression than nymphs. Taken together, our results provide strong evidence for
developmental stage specific and host plant based change in expression of PG genes in the salivary glands of L. lineolaris. This,
however, was not reflected in total polygalacturonase enzyme activity which was not significantly different between regions, hosts,

sex, or developmental stage.

INTRODUCTION

Lygus lineolaris (Palisot de Beauvois, 1818) (Hemiptera:
Miridae), the tarnished plant bug, is a major pest of cotton
(Gossypium hirsutum L.) in Mississippi in the USA. Mis-
sissippi cotton producers made an average of 4.3 insecti-
cide applications for control of L. lineolaris each year from
2012 to 2014 at a cost of approximately $140 per ha per
year (Williams, 2012-2014). Since 1986, the cotton yield
losses due to pest insects for Mississippi have been report-
ed separately for two regions, the Delta and the Hills. The
Delta (Alluvial plain) is the region of western Mississippi
that is the flood plain of the Mississippi and Yazoo riv-
ers and includes the area west of the Loess Bluffs (Fig. 1).
The Hills region is the remainder of the state, but, for the
purposes of this study, consists of the North Central Hills,
Flatwoods, Pontotoc Ridge, Black Prairie, and Tombigbee
Hills (Fig. 1). The Delta is intensively farmed and has less
non-cultivated areas than the Hills region, which typically
has smaller fields with adjacent non-cultivated areas (Fry
etal.,2011). Cotton yield loss and cost of control of L. line-
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olaris is dissimilar between Mississippi’s two main cotton
growing regions (Williams, 1986-2014). The estimated
number of insecticide applications targeting L. lineolaris
has been approximately 2.6-fold higher in the Delta than in
the Hills almost every year (Williams, 1986-2014), but the
reason for these differences is not fully understood.
Biological differences between populations of L. lineola-
ris collected in Mississippi have been reported from labo-
ratory studies (Adams et al., 2014). The number of days
for L. lineolaris development to adulthood when feeding
on cotton was 1.67 days longer for colonies collected from
the Hills than for those collected from the Delta (p < 0.05),
while differences in developmental time were not observed
for those fed on artificial diet. Additionally, females from
colonies collected from the Delta laid 1.09 more eggs per
day than females from colonies collected from the Hills (p
< 0.05). Shorter developmental time and higher fecundity
in Delta colonies indicates that some populations of L. line-
olaris may be more specialized for development on cotton
and that the fecundity of some L. lineolaris populations
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Fig. 1. Map showing the geographic regions of Mississippi and the
total number of cohorts of male, female, and nymph L. lineolaris
collected per county during 2013-2014 for purposes of gene ex-
pression and enzyme activity (represented as gene expression,
enzyme activity). Numbers to the left of the dashed line represent
populations collected from the Delta (alluvial plain) region, while
numbers to the right of the line were collected from any of the geo-
graphic regions east of the Loess Bluffs.

are different. These biological differences between popu-
lations may indicate that some populations may be better
adapted to some hosts than others. A more recent labora-
tory study using wild caught populations failed to find any
significant biological differences, including differences for
developmental time and fecundity, between Delta and Hills
populations (Fleming et al., 2015b). The reason for this is
unknown, but this finding does not exclude the possibility
of other biological explanations for the phenomenon of L.
lineolaris being more damaging in the Delta than the Hills
region.

A biological basis for possible population adaptations to
hosts has not been identified. In phytophagous insects such
as Lygus sp., which primarily feed directly on plant tissues
using piercing-sucking mouth parts, the saliva plays a cru-
cial role in extra-oral digestion of food. This mode of feed-
ing has been described as “lacerate and flush”, whereby
the flexible maxillae penetrate the plant tissues, destroying
and breaking cell wall components and tissue by releas-
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ing large amount of saliva which allows establishment of
the pest on host plant(s) (Miles, 1972). The role of pectin
degrading enzymes (polygalacturonases, PG) in the saliva
of Lygus bugs was recognized more than four decades ago
(Strong & Kruitwagen, 1968, 1970). The direct effects of
PG during feeding of L. lineolaris on cotton are square ab-
scission, necrosis at the wound site, deformation of squares
and bolls, aborted embryos, and reduced or altered vegeta-
tive growth (Strong & Kruitwagen, 1970). At the time of
initiation of the current project, studies injecting extracted
Lygus saliva to host plant tissue revealed that the PGs in
saliva causes Lygus-like damage in plants (Shackel et al.,
2005; Celorio-Mancera et al., 2008), and that at least four
PG genes (LIPG1, LIPG2, LIPG3, and LIPG4) were pre-
sent in the saliva of L. lineolaris (Allen, 2007; Allen &
Mertens, 2008; Walker & Allen, 2010). Of these, at least
one of the genes (LIPG1) appears to be regulated based on
diet (Walker & Allen, 2010). Recent transcriptomic data
of L. lineolaris salivary glands indicate that there are at
least 28 different PG proteins and they can be grouped into
8 different PG clades phylogenetically (Showmaker et al.,
2016). Further a cDNA sequencing analysis study revealed
the presence of 45 PGs in L. lineolaris saliva that clustered
into 6 clades similar to that reported in Apolygus lucorum
(Meyer-Diir, 1843) saliva (Zhang et al., 2015; Zhu et al.,
2016). However, despite reports of the presence of PG pro-
teins (which represent both endo and exo-PGs) little else is
known about the functions of PG genes, the PG enzyme,
and how they are regulated. A hypothesized mechanism for
the reported biological differences in L. lineolaris popula-
tions from the Delta and Hills region of Mississippi may be
differences in the polygalacturonase enzyme system of L.
lineolaris saliva. If PG is a mechanism driving the biologi-
cal differences observed in L. lineolaris populations then
investigations of this system may reveal some PG genes
are important for specific hosts, especially cotton, and if re-
gional differences in the damage to cotton can be attributed
to population differences in the PG system.

Further knowledge of the PG system could support work
toward understanding L. lineolaris-plant interactions that
may lead to development of PG resistant plants through
traditional plant breeding or genetic modification. Research
using dsRNA supplied through genetically modified plants
or in diet has shown that insect growth, feeding, develop-
ment, metabolism of insecticides and plant defense com-
pounds, fitness, and survival can be inhibited or reduced
as a result of RNA interference (Baum et al., 2007; Mao et
al., 2007; Zhao et al., 2008; Zhou et al., 2008; Bautista et
al., 2009), thus inhibition of PG damage or feeding by L.
lineolaris may be possible through RNAi. Walker & Allen
(2010) showed that expression of LIPGI was the highest
expressed PG gene for L. lineolaris fed cotton and could be
inhibited up to 80% with the use of dsRNA, thus targeting
this specific gene may reduce damage to cotton. Also, po-
lygalacturonase inhibiting proteins (PGIP) exist in plants
and their inhibition of PG can be specific to the source of
the enzyme (Cervone et al., 1987; Toubart et al., 1992;
Bergmann et al., 1994; Powell et al., 2000; D’Ovidio et al.,
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2004; Joubert et al., 2006; Ferrari et al., 2011; Akhgari et
al., 2012). It may therefore be possible to selectively breed
host plants with higher PGIPs depending on the specific
PG genes activated in Lygus saliva for efficient feeding.
Thus, a fundamental understanding of the regulation of PG
gene expression in the insects salivary gland is vital.

Based on the regional differences of the economic impact
of L. lineolaris to cotton and to gain fundamental insights
of the PG system in L. lineolaris, a series of experiments
were undertaken to look at changes in PG gene expression
of L. lineolaris based on the regional location of the host
population, plants from which the collection was made,
age of the adult, developmental stage of the insect and sex.
Only three well characterized PG genes were targeted in
this study as a first step to understanding the differences in
PG gene expression and enzyme activity between regional
populations. It was hypothesized that such differences may
indicate a potential biotype or sibling species shift and may
help explain the higher severity of damage that occurs to
cotton in the Mississippi Delta.

MATERIALS AND METHODS

Insects and collections
Laboratory reared colonies

Sampling for sex and age comparisons. Lygus lineolaris
adults from a colony reared at the Mississippi State University
Insect Rearing Center since 2007 were used to compare expres-
sion of PG genes in male and female L. lineolaris adults at four
different ages. The colony was housed in a rearing facility with
a 16L : 8D cycle that is kept at 26.7°C with approximately 60—
70% relative humidity. Insects were fed an oligidic artificial diet
(Cohen, 2000) and offered carrageenan gel packs for oviposition.
Insects were aspirated from containers of the parent colony con-
taining approximately one-day-old, five-day-old, ten-day-old,
and fifteen-day-old adults. Ten adults of each sex at each age were
removed for each treatment, and this was repeated on each of
three days (three replicates). Males and females were separated
by observing the presence or absence of the ovipositor on the
ventral surface of the abdomen (Schuh & Slater, 1995). Insects
that were removed from the parent colonies were placed in scin-
tillation vials in a —20°C freezer to kill them and the following
day they were transferred to 1.5 ml DNase and RNase free micro-
centrifuge tubes and placed in a —80°C freezer for storage until
further processing.

Sampling for nymph and adult comparisons. Lygus lineo-
laris adults and nymphs from a colony collected in 2012 and
housed for approximately four generations at the Mississippi
State University Insect Rearing Center under the same condi-
tions as the previously mentioned colony were used to compare
PG gene expression in adults and nymphs. Insects were aspirated
from each of three cohorts (three replicates) from containers of
old adults (> 10 days) young adults (<5 days) and nymphs (5th
instar) and placed into scintillation vials in a —20°C freezer over-
night to kill them. The following day the insects were placed into
1.5 ml DNase and RNase free micro-centrifuge tubes for storage
in a —80°C freezer until further processing.

Wild collected populations

2012 L. lineolaris field collections. Lygus lineolaris adults
were collected from 30 locations (five locations per host per
region) in the Delta and Hills regions of Mississippi from cot-
ton (Gossypium hirsutum L.), horseweed (Conyza canadensis
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(L.) Cronquist), and pigweed (Admaranthus sp.) in the summer
of 2012. Collections were made with a 38 cm sweep net, insects
were placed into plastic tubs to be separated from other insects
and sweeping trash and then aspirated into cricket cages. Repro-
ductive plant tissue from the host plants was placed in the cages
and the cages were transported back to the laboratory in a cooler
containing ice packs. Cages were placed in a —20°C freezer over-
night to kill the insects. The following day, ten insects from each
host and location were placed into scintillation vials and stored in
a—80°C freezer until further processing.

2013-2014 field collections. To further explore data that was
collected from laboratory reared insects and the wild popula-
tion from 2012, a two year study using wild adult and nymphal
L. lineolaris collected during 2013 and 2014 was conducted to
evaluate PG gene expression and enzyme activity. Adults and
fifth instar nymphs of L. lineolaris were collected from crimson
clover (Trifolium incarnatum L.), cotton, fleabane (Erigeron sp.),
horseweed, and pigweed in the late Spring (primarily clover and
fleabane), Summer (primarily cotton, horseweed, and pigweed),
and early Fall (primarily pigweed) of 2013 and 2014. The number
of locations (replicates) collected from ranged from four to ten
for any sex, developmental stage and host combination (Fig. 1).
Insects were collected, transported and killed similar to those in
the 2012 study. The day following collection, insects were sorted
by sex and developmental stage (male, female, 5th instar nymph)
and ten insects of each sex anddevelopmental stage from each
host and location were placed into scintillation vials. Vials were
then placed into a —80°C freezer until further processing for gene
expression or enzyme assay.

Dissection and isolation of salivary glands

Insects in all experiments were surface sterilized by dipping
each insect into 70% ethyl alcohol and then rinsed by dipping
each insect into distilled water. Insects were then air dried under
a laminar flow hood and sorted to be used either to measure gene
expression or enzyme activity. Salivary glands were extracted by
removing the head and prothorax by pinching the projection of
the prothoracic notum and pulling forward thus exposing the sali-
vary glands. Ten pairs of salivary glands for each sample were
placed in 1.5 ml DNase and RNase free micro-centrifuge vials,
and then placed in a —80°C freezer until further processing for
gene expression. For the 2013-2014 wild L. lineolaris study, ten
salivary glands for each sample were placed in micro-centrifuge
tubes and stored in a —20°C freezer until further processing for
enzyme activity.

Gene expression analysis

All insects from all experiments, with the exception of those
from the 2013-2014 experiment that were used to assay enzyme
activity, were employed for gene expression analysis using quan-
titative real-time polymerase chain reaction. Total RNA was
extracted from salivary glands (ten insects pooled per sample)
using Tri Reagent (Sigma, St. Louis, MO, USA). The samples
were treated with Takara Recombinant DNase I (Clontech Lab-
oratories Inc., Mountain View, CA, USA). Synthesis of cDNA
was achieved with the iScript cDNA synthesis kit (BioRad, Her-
cules, CA, USA). Quantitative real-time PCR (qRT-PCR) was
performed on the Eppendorf realplex? Mastercycler (Eppendorf,
USA) under the following thermal cycling conditions: 95°C for
10 min then perform 45 cycles at 95°C for 15 s, 59°C for 20 s,
and 72°C for 30 s, with a dissociation curve step running at 95°C
for 15 s then 60°C for 15 s, and then ramped for 20 min up to
95°C and hold for 15 s. Every reaction contained Power SYBR
Green (Applied Biosystems), 10 ng cDNA, and 400 nM primers.
Primer sequences are given in Table 1. The primers were checked
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Table 1. List of primers and their sequences used.
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Gene Forward primer (5°-3") Reverse primer (5°-3")

LIPG1 GGG GAGAGACTG GGG CGATT GAA CGG GGT CGCATCACC TG
LIPG2 AGAATACTC CAG CCCCTTGC GTGACGAAG CAGTCGTCTTG
LIPG3 GTC ATC ATT GCCAACAGCAC TGC CAT TCAACAGGG TCT TG

rpl6é TGC TGG CCG GTC TTC ACAAAG G AGG TGG CGATGA CGAAGT TGG G

for their efficiency using 10C"5°r9— 1 and we obtained slopes be-
tween —3.23 and —3.18 (92-94% efficiency). Output of the qRT-
PCR was on log scale and corrected for drift with the threshold
being set at 500 nm. Data were analyzed using the 22T method
(Livak & Schmittgen, 2001) with mRNA levels normalized to
the housekeeping gene rpl6 since amplification efficiency for this
gene was 94% and its expression did not change with experimen-
tal conditions.

Enzyme activity

Activity of PG enzyme was measured according to the rate
of increase of reducing sugars using arsenomolybdate-copper
reagent using D-galacturonic acid as a standard as described by
(Vinokurov et al., 2014). This method is based on the measure-
ment of the rate of increase of reducing groups (D-galacturonic
acid) as a result of hydrolytic cleavage of polygalacturonic acid
(substrate) by PG in supernatant. Color development indicative
of D-galacturonic acid released and its stabilization is with ar-
senomolybdate reagent. Ten insect salivary gland pairs per sam-
ple were homogenized in 50 mM phosphate buffer. Supernatant
from a 600 g centrifugation step was used for further processing.
The protein content of the supernatant was estimated using bicin-
choninic acid reagent (Pierce, Rockford, IL) and bovine serum
albumin as a standard (Smith et al., 1985). Enzyme supernatant
was mixed with polygalacturonic acid solution (Sigma Aldrich,
St. Louis, MO) (0.5% in a 50 mM sodium acetate buffer, pH 5.0)
and added to tubes of both samples and standards, and equili-
brated to 30°C for 10 min. All tubes were vortexed and incubated
for 10 min at 30°C and a Cu-alkaline reagent was added to stop
the reaction and tubes were heated for 15 min at 95°C. Finally, an
arsenomolybdate reagent was added to develop and stabilize the
color and tubes were vortexed followed by centrifugation at 6000
g. 100 pl of supernatant was pipetted in triplicate into wells of a
96-well microtiter plate and absorbance was read at 540 nm in a
BioTek Synergy H1 multi-mode plate reader (Biotek, Winooski,
VT). PG activity was expressed as units of D-galacturonic acid
released per min per mg of protein.

Statistical analyses

Statistical analyses of all experiments were performed in SAS
9.3 using the Proc Glimmix procedure (SAS Institute Inc., Cary,
NC). Data for all gene expression experiments were log trans-
formed to meet the assumptions of equal variance. The Ken-
ward-Roger method was used to calculate degrees of freedom
(Kenward & Roger, 1997). Expression of a particular gene was
quantified relative to the expression of that particular gene from
salivary glands of a colony reared on artificial diet (which was
set as 1). Data points that failed to amplify or exhibited irregu-
lar amplification (standard deviation > 0.5) among the technical
replicates of each sample were eliminated prior to data analysis,
as per instructions of the program manufacturer (available from
www.lifetechnologies.com).

For the laboratory colony sex and age comparisons experi-
ment, the interactions of sex (male and female), PG gene (LIPG1,
LIPG2, LIPG3), and age (one, five, ten, and fifteen days old) were
analyzed for interactions and main effects. Replicate was used
as a random factor. For the laboratory colony adult and nymphal

comparison experiment, replicate (day sampled) was used as the
random factor.. Developmental stage of the insects and PG genes
were analyzed for interactions and main effects.

For the 2012 wild collected L. lineolaris study, replicate (loca-
tion within a region) was used as a random factor. Region (Delta
and Hills), host (cotton, horseweed, and pigweed), and gene
(LIPG1, LIPG2, and LIPG3) were analyzed for main effects and
interactions. Data for each gene were analyzed for normality of
distribution and one data point was removed because it was more
than three standard deviations from the predicted value estimated
by the statistical procedure. There was insufficient data to evalu-
ate a year effect in the 2013-2014 wild collected L. lineolaris
experiment, thus replicate, year, and replicate (year) were initially
used as the random factors. Clover was only present for samples
from the Hills region, thus clover was removed from the analyses.
For initial analyses of gene expression, region (Delta and Hills),
host (cotton, fleabane, horseweed, and pigweed), type (male, fe-
male, and nymph), and gene (LIPGI, LIPG2, LIPG3) were ana-
lyzed for interaction and effects. Region as a main effect and in
interactions was never significant (Table 2), therefore region was
removed from the fixed effects statement and the factors region
and region*replicate (year) were added to the random statement.
Since region was no longer a factor being examined, data for clo-
ver was placed back in the dataset and host, type, and gene were
analyzed for effects and interaction. Data were analyzed for nor-
mality of distribution and two data points were removed because
they occurred outside of three standard deviations from the pre-
dicted value estimated by the statistical procedure.

Polygalacturonase enzyme activity in the 2013-2014 wild col-
lected L. lineolaris study was also compared. Again, there was
insufficient data to make any comparisons between years, thus
initially replicate, year, and replicate (year) were used as random
factors. Again, clover was removed from the analysis since it was
found only in the Hills region. Initial analyses revealed no ef-
fect of region (Table 2), therefore region was removed from the
fixed effects statement, clover was placed back into the analysis,
and region and region*replicate (year) were added to the random
statement. Host and type were analyzed for interactions and main
effects.

RESULTS

Comparison of polygalacturonase gene expression
based on sex and age

The interaction of sex and age had a significant effect
on the average overall gene expression (Table 2). The sex
and age interaction revealed differences in average overall
PG expression between sexes at individual ages as well as
differences within a sex at different ages (Fig. 2). Aver-
age overall expression of PG was higher in one-day-old fe-
males than in one-day-old males; however, expression was
higher in five-day-old males than five-day-old females.
Average overall expression significantly decreased be-
tween one-day-old and five-days-old females but remained
steady thereafter. Average overall expression significantly
increased in males between one-day-old and five-day-old,
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Table 2. F-statistics for all experiments.

Sex and age gene expression comparisons

df F p
sex*gene*age 6, 46 0.34 0.91
gene*age 6, 52 0.32 0.92
sex*gene 2,52 0.47 0.63
sex*age 3,52 10.30 <0.01
sex 1,52 0.04 0.84
age 3,52 2.22 0.10
gene 2,52 16.82 <0.01
Nymph and adult gene expression comparisons
df F p
stage*gene 4, 38.99 0.76 0.56
stage 2,43.05 0.70 0.50
gene 2,4299 2056 <0.01
2012 gene expression from wild L. lineolaris
df F p
region*host*gene 4,61.93 1.26 0.30
host*gene 4,65.83 0.75 0.56
region*gene 2, 65.64 2.76 0.07
region*host 2,72.20 536 <0.01
host 2, 71.77 1.26 0.29
gene 2,71.86 13.41 <0.01
2013-2014 gene expression from wild L. lineolaris
Effects of region df F p
region*host*type*gene 12,380.6 0.35 0.98
region*host*gene 6, 393.9 0.31 0.93
region*host*type 6, 400.9 1.35 0.23
region*type*gene 4, 380.7 0.60 0.66
region*type 2,438.5 1.66 0.19
region*host 3,438 0.37 0.78
region*gene 2,426.9 2.61 0.07
region 1, 456 0.03 0.90
Effects with region in random statement
host*type*gene 16,4849 0.41 0.98
type*gene 4, 500.7 1.75 0.14
host*gene 8, 500.9 6.68 <0.01
host*type 8,516.8 2.02 0.04
2013-2014 enzyme activity from wild L. lineolaris
Effects of region df F p
region*type*host 5,107.1 0.54 0.74
region*type 2,121 1.01 0.37
region*host 3, 115.6 0.85 0.47
region 1, 126.6 0.19 0.66
Effects with region in random statement
host*type 7,118.1 0.75 0.63
type 2,125.8 0.06 0.94
host 4,127.5 1.88 0.11

but returned to a level similar to that in one-day-old males.
The expression of individual genes was significantly dif-
ferent (Table 2) with expression of L/PGI higher than ex-
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Fig. 2. Back-transformed mean and standard error of the total rela-
tive polygalacturonase gene expression of reared L. lineolaris from
the study of age and sex. Columns followed by the same letter are
not significantly different (Fisher’s LSD, a =0.05). N = 9 for all treat-
ments. Age is the number of days after adult eclosion.
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Fig. 3. Back-transformed mean and standard error of the expres-
sion of polygalacturonase genes in reared L. lineolaris in the study
of age and sex. Columns with the same letter are not significantly
different (Fisher’s LSD, a = 0.05). N = 24 for each gene.

pression of LIPG2 or LIPG3 (Fig. 3). Data indicate that
average overall PG expression is different between males
and females at specific points during aging.

Comparison of polygalacturonase gene expression
between nymphs and adults

The average overall expression of PG was not signifi-
cantly different between adults of either age and nymphs
(Table 2). The expression of individual genes was signif-
icantly different (Table 2) with the expression of LIPGI
significantly higher than expression of LIPG2 and LIPG3
(Fig. 4). These data indicate significant differences be-
tween expression of individual genes but do not reveal any
differences in average overall gene expression at different
ages or developmental stages.

Polygalacturonase gene expression from 2012 field
collections

The interaction of region and host had a significant effect
(Table 2) on overall gene expression. The average over-
all PG expression for L. lineolaris collected from cotton
was significantly higher for those collected from the Hills
compared to those collected from the Delta (Fig. 5), and
the average overall PG expression in L. lineolaris collected
from the Delta was significantly higher for those collected
from horseweed than from cotton (Fig. 5). Overall, expres-
sion of LIPG1 was significantly higher than expression of
LIPG2 and LIPG3 (Table 2, Fig. 6). These data indicate
there are differences between individual genes, as well as
regional and host differences in average overall gene ex-
pression.
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Fig. 4. Back-transformed mean and standard error of the ex-
pression of polygalacturonase genes in L. lineolaris in the study
of nymphs and adults. Columns with the same letter are not sig-
nificantly different (Fisher’s LSD, a = 0.05). N = 17 for LIPG1 and
LIPG2 and N = 16 for LIPG3.
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Fig. 5. Back-transformed mean and standard error of the effects of
host and region on the expression of the average of the three PG
genes in wild L. lineolaris in 2012. Columns with the same letter
are not significantly different (Fisher’s LSD, a = 0.05). N = 14 for
Delta cotton (G. hirsutum) and horseweed (C. canadensis), N = 13
for Delta pigweed (Amaranthus sp.) and Hills cotton, and N = 15 for
Hills horseweed and pigweed.

Polygalacturonase gene expression and activity
from 2013-2014 field collections

The interaction of host and gene and host and type
(nymph or adult) had a significant effect on PG expression
(Table 2). There was not a gene that appeared to be the
highest expressed gene for L. lineolaris collected from cot-
ton; however, the relative expression of individual genes
was significantly different within all the other hosts (Fig.
7). Generally, the average overall expression of PG was
significantly higher for males and females than for nymphs
but expression between males and females was never dif-
ferent (Fig. 8). There were no significant effects or inter-
actions in regards to activity of PG enzyme (Table 2, 3).
These data indicate that there are individual genes that are
more important for some host plants than others, expres-
sion is higher in adults than nymphs, and PG enzyme activ-
ity is similar amongst hosts.

DISCUSSION

Data from laboratory reared insects revealed significant
differences in PG expression between sexes, with age, and
between individual PG genes. These results were anticipat-
ed based on data from Allen & Mertens (2008) and Walker
& Allen (2010). It was not possible to know the age of
wild collected insects, thus the laboratory data may help
explain the variation in wild collected L. lineolaris. How-
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Fig. 6. Back-transformed mean and standard error of the expres-
sion of polygalacturonase genes in wild L. lineolaris in 2012 aver-
aged across all hosts. Columns with the same letter are not signifi-
cantly different (Fisher’s LSD, a = 0.05). N = 30 for LIPG1, N = 28
for LIPG2, and N = 26 for LIPG3.
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Fig. 7. Back-transformed mean and standard error of the effects
of host on relative polygalacturonase gene expression in wild col-
lected L. lineolaris from Mississippi during 2013—-2014. Columns
with the same letter are not significantly different (Fisher’'s LSD, a =
0.05). N = 31 for clover (T. incarnatum), N = 29 for cotton (G. hirsu-
tum), N = 58 for fleabane (Erigeron sp.), N = 45 for horseweed (C.
canadensis), and N = 34 for pigweed (Amaranthus sp.). N ranged
from 29 to 58 for LIPG1, 27 to 52 for LIPG2, and 27 to 53 for LIPG3.

ever, sex can be accounted for, thus sex was included as a
factor in the 2013-2014 wild collected L. lineolaris study.
Comparisons of PG expression in laboratory reared adults
and nymphs were found not to be significantly different
in our study, but we assumed that the possibility existed
for more stable PG expression in nymphs than adults in
wild populations because nymphs predominantly feed on
one host while adults are capable of changing hosts (Mac-
Creary, 1965; Kumar & Musser, 2009) thus data from wild
collected nymphs may have less variation than adults. For
this reason nymphs were also collected for the 2013-2014
wild collected L. lineolaris study. Data from our labora-
tory colony experiments revealed that consideration must
be given to age and sex when planning and implementing
PG experiments.

Data from the two experiments using wild collected L. [i-
neolaris revealed differences in average overall PG expres-
sion between hosts, differences in individual gene expres-
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Fig. 8. Back-transformed mean and standard error of the effects of
host on type (sex/developmental stage) on relative total polyga-
lacturonase gene expression in wild L. lineolaris collected from
Mississippi during 2013-2014. Columns with the same letter are
not significantly different (Fisher’'s LSD, a = 0.05). N ranged from
24 to 37 for clover (T. incarnatum), 14 to 35 for cotton (G. hirsu-
tum), 44 to 68 for fleabane (Erigeron sp.), 28 to 53 for horseweed
(C. canadensis), 27 to 37 for pigweed (Amaranthus sp.), 35 to 68
for females, 28 to 44 for males, and 14 to 51 for nymphs.
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Table 3. Mean and standard error (SE) of polygalacturonase en-
zyme activity in wild collected populations of L. lineolaris from Mis-
sissippi during 2013—-2014.

Host N Mean' (SE)
Clover (T. incarnatum) 19 0.42 (0.02)
Cotton (G. hirsutum) 15 0.35 (0.03)
Fleabane (Erigeron sp.) 45 0.38 (0.01)
Horseweed (C. canadensis) 29 0.34 (0.02)
Pigweed (Amaranthus sp.) 30 0.35 (0.02)

"Expressed in units of D-galacturonic acid released per mg of pro-
tein.

sion within hosts, and differences in average overall gene
expression between males and females versus nymphs
within hosts. These differences were expected based on
laboratory data as well as data from Allen & Mertens
(2008) and Walker & Allen (2010). Our data did not in-
dicate that any particular gene was most important for L.
lineolaris feeding on cotton. Based on the discovery of ad-
ditional genes by Showmaker et al. (2016) and Zhu et al.
(2016), more research is needed to identify any genes that
may be most important in L. lineolaris feeding on cotton.

Wild collected males and females did not express PG dif-
ferently but had higher overall PG expression than nymphs
collected from all hosts except pigweed. One explanation
for this may be that adults need higher levels of PG genes
ready to be translated to protein in the event that a host
change is necessary, while nymphs would not normally be
able to change host plants, thus requiring lower levels of
PG. The lower expression of PG in nymphs could make
nymphs a more suitable target than adults for PGIP or
dsRNA crop based control strategies. The lower expres-
sion of PG genes in nymphs could be easier to inhibit with
lower expression of PGIP or dsRNA in genetically modi-
fied plants.

The lack of significant differences in total PG enzyme
activity reveals that probably the endo- or exo-PG activity
(Celorio-Mancera et al., 2009) may be a better indicator of
changes in activity dependent upon host. This indicates, in
light of the gene expression data, that the genes may be en-
coding for different kinds of PG activity that may not be re-
flective in total activity. Our enzyme assay was only able to
look at the total amount of PG enzyme activity through the
measurement of release of D-galacturonic acid and does
not distinguish between endo and exo- polygalacturonases.
Some research has indicated that there are multiple isoen-
zymes or proteins of PG in some PG expressing organisms,
including L. lineolaris (Agblor et al., 1994; De Lorenzo
et al., 2001; Poinssot et al., 2003; Shackel, et al., 2005;
Celorio-Mancera et al., 2009). Based on this information it
may be that each PG gene translates a specific isoenzyme
(either endo- or exo) for use on a specific host, thus the
expression of PG genes and the concentrations of either
exo- or endo- PG activity would vary on hosts, whereas
total concentration of PG enzyme would not vary. More
research in this area could be useful for discovering the
functions of PG genes and their precise role in the specific
type of PG activity expressed.

The primary hypothesis of this research was that a po-
tential biotype or sibling species of L. lineolaris with an
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enhanced ability to feed on cotton may exist in the Missis-
sippi Delta. Regional differences were found in the initial
2012 study, but in the larger study conducted during 2013
and 2014 no differences were discovered, indicating that
populations of L. lineolaris have not selected with the abil-
ity to more effectively feed on cotton in areas such as the
Mississippi Delta with a large proportion of the landscape
planted in cotton. The increased damage to cotton and larg-
er populations of L. lineolaris in the Delta compared to the
Hills may be due to insecticide resistance. Fleming et al.
(2015a) found higher levels of esterase enzymes in Delta
populations of L. lineolaris, indicating that Delta popula-
tions of L. lineolaris may have selected for higher levels of
insecticide resistance through increased expression of de-
toxifying enzymes. Insecticide resistance does not fully ex-
plain the difference given the results of Adams (2014) who
found that L. lineolaris from the Delta developed faster on
cotton than populations from the Hills and that Delta L.
lineolaris had higher fecundity than those from the Hills.
More research is needed to further explore the ecological
and physiological differences in these populations and gain
a better understanding of the physiological ecology of L.
lineolaris.

In summary, expression of PG genes can be affected by
host, developmental stage, age, and sex. These potential
sources of variation need to be considered before imple-
menting PG experiments. Developmental stage, age, and
sex should be used as factors in experiments when appro-
priate. Region did not have a consistently significant ef-
fect on PG gene expression. Based on the results of this
study, we propose that the three genes studied may not be
reflective of the entire polygalacturonase enzyme system
and may not be solely responsible in the adaptation of a
suspected cotton biotype or sibling species shift toward
host preference of cotton in the Mississippi Delta region.
Host has a strong effect on expression of all three PG genes
evaluated in this study; however, none of the genes stood
out as the most important to L. lineolaris feeding on cotton.
More research is needed to understand the PG system and
the potential to target the system with genetically modified
plants expressing specific PGIP or dsRNA.
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