insects

Article

Early Season Monitoring of Tarnished Plant Bug, Lygus
lineolaris, in Wild Hosts Using Pheromone Traps

Justin George '*J, James P. Glover 1, Gadi V. P. Reddy !, Chris Johnson ! and David R. Hall 2

check for
updates

Citation: George, J.; Glover, ].P;
Reddy, G.V.P; Johnson, C.; Hall, D.R.
Early Season Monitoring of
Tarnished Plant Bug, Lygus lineolaris,
in Wild Hosts Using Pheromone
Traps. Insects 2023, 14, 805. https://
doi.org/10.3390/insects14100805

Academic Editor: Peter Mayo

Received: 1 September 2023
Revised: 28 September 2023
Accepted: 4 October 2023
Published: 7 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Southern Insect Management Research Unit, USDA-ARS, Stoneville, MS 38776, USA;
james.glover@usda.gov (J.P.G.); gadi.reddy@usda.gov (G.V.P.R.); chris.johnson@usda.gov (C.J.)

2 Natural Resources Institute, University of Greenwich, Chatham Maritime, Kent ME4 4TB, UK;

d.rhall@greenwich.ac.uk

Correspondence: justin.george@usda.gov

Simple Summary: The tarnished plant bug, Lygus lineolaris (Hemiptera: Miridae), is a polyphagous
pest and causes severe economic damage to cotton crops. Managing the weedy field edges is
important in preventing early-season infestations of L. lineolaris in cotton to prevent damage to the
squares and other fruiting structures. Scouting fields for L. lineolaris is time- and labor-intensive,
and end-user variability associated with field sampling can lead to inaccuracies. Insect traps that
combine visual cues and pheromones are more accurate, sustainable, and economically feasible in
contrast to traditional insect detection methods. In this study, we investigated the application of red
or white sticky cards baited with the female-produced sex pheromone to monitor the overwintering L.
lineolaris populations in early spring. Field experiments demonstrated that the red sticky cards baited
with a pheromone blend containing hexyl butyrate, (E)-2-hexenyl butyrate, and (E)-4-oxo-2-hexenal
in a 4:10:7 ratio are highly effective in trapping L. lineolaris adults in early spring before the row crops
are planted, and in monitoring their movement into a cotton crop.

Abstract: The tarnished plant bug, Lygus lineolaris (Hemiptera: Miridae), has a wide host range of
over 700 plant species, including 130 crops of economic importance. During early spring, managing
the field edges with weeds and other wild hosts is important in preventing early-season infestations
of L. lineolaris in cotton to prevent damage to the squares and other fruiting structures. Scouting fields
for L. lineolaris is time- and labor-intensive, and end-user variability associated with field sampling
can lead to inaccuracies. Insect traps that combine visual cues and pheromones are more accurate,
sustainable, and economically feasible in contrast to traditional insect detection methods. In this
study, we investigated the application of red or white sticky cards baited with the female-produced
sex pheromone to monitor overwintering L. lineolaris populations in early spring. Field experiments
demonstrated that the red sticky cards baited with a pheromone blend containing hexyl butyrate,
(E)-2-hexenyl butyrate, and (E)-4-oxo-2-hexenal in 4:10:7 ratio are highly effective in trapping L.
lineolaris adults in early spring before the row crops are planted, and in monitoring their movement
into a cotton crop. The monitoring of L. lineolaris should help growers to make judicious decisions
on insecticide applications to control early pest infestations, thereby reducing economic damage
to cotton.

Keywords: tarnished plant bug; sex pheromones; wild hosts; weeds; cotton; monitoring; sampling;
pheromone traps; visual cues

1. Introduction

Cotton, Gossypium hirsutum L., is one of the world’s most widely grown agricultural
crop with a production of 118.5 million bales from 32.8 million hectares in 2022-2023 [1].
The United States (US) is ranked the third largest producer of cotton, with a production of
17.6 million bales, behind India (27 mi) and China (27 mi) [2]. Several insect pests cause
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economic damage to cotton across the developmental stages of the crop. The tarnished
plant bug, Lygus lineolaris (Palisot de Beauvois) (Hemiptera: Miridae), is considered one of
the most economically important pests of cotton as their feeding can significantly reduce the
crop yield due to the abscission of squares, boll malformation, and deformities of plant ter-
minus [3]. Eradication programs of Boll weevil (Anthonomus grandis Boheman) (Coleoptera:
Curculionidae), coupled with the area-wide use of transgenic Bacillus thuringiensis (Bt)
against caterpillar pests, has caused L. lineolaris to emerge as a key pest in cotton-growing
regions of the US. Management of this pest is heavily dependent on insecticides and re-
quires multiple applications to minimize economic loss [4]. The pest status of this insect
pest has increased significantly in the past two decades, resulting in a multi-fold surge in
the number of insecticide applications [5,6].

Lygus lineolaris is a polyphagous pest and is reported to feed on more than 700 plant
species in 55 families in North America [7]. The spatial distribution of economically
important crops and weedy hosts in an agroecosystem significantly affects this pest’s
movement and population dynamics early in the season [8]. In early spring, weed hosts are
a major refuge for L. lineolaris in the absence of agricultural crops. Once the weedy hosts
senesce or are destroyed, the insects migrate into adjacent crop fields and cause damage to
the cotton squares [7,9,10]. Decisions on insecticide application for managing L. lineolaris
are based primarily on economic thresholds developed by scouting cotton fields during the
period of peak cotton susceptibility using visual and beat cloth methods [4,11,12]. Sampling
accuracy for L. lineolaris may be impacted by the dispersal distance from the weedy hosts
toward the interior of the cotton field [13]. Insects counts can be increased by the migrating
insects, and higher adult counts were observed in cotton field plots with larger weed stand
borders [13], potentially leading to additional insecticide applications. Monitoring the
migratory movement of L. lineolaris between the wild host and the cotton crop is complex
and is not well studied under the field conditions. Studies by Reisig [14] recommended
sampling, using a sweep net, to be performed at locations not less than 15.3 m from the
field edges to minimize the sample variation.

Insecticide applications based on well-informed scouting practices are critical for the
management of this key pest. Prohibitory costs associated with the weekly scouting of
the weedy field edges and adjacent cotton fields make it difficult for growers to make
judicious decisions on insecticide applications. Monitoring tools based on visual cues and
pheromones will be very useful in tracking Lygus populations in the wild hosts and weedy
field edges early in the season to make informed decisions for pest management using
insecticides. Previous studies have shown that the red-colored sticky cards are highly
attractive to L. lineolaris adults compared to the blue, white, and yellow sticky cards. The
red sticky cards baited with pheromone lures containing hexyl butyrate, (E)-2-hexenyl
butyrate, and (E)-4-oxo-2-hexenal in a 4:10:7 ratio, respectively, trapped a significantly
higher number of L. lineolaris than those lured with 10:4:2 or 7:10:4 blends or an unbaited
control in the cotton field experiments [15].

The current study investigated the use of pheromone traps for monitoring L. lineolaris
populations in different weed or wild hosts near cotton fields during the early spring
season. The red and white sticky cards with or without pheromone lures were used. In
three field experiments, we compared the effectiveness of the different traps for trapping L.
lineolaris within a field of wild host plants, for monitoring the distribution and outward
movement of L. lineolaris from a field of wild host plants during early spring before the
crops were planted, and for monitoring the movement of L. lineolaris from wild hosts to
cotton. Research findings from this study have field applications in using pheromone
traps for the early season monitoring of L. lineolaris in the weedy field edges, which may
contribute to effective weed and pest management strategies for row crops.
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2. Materials and Methods
2.1. Study Locations and General Field Experiment Procedures

Field experiments were performed in two different field locations during the early
spring and summer of 2022, in the Alcorn State University demonstration plot in Merigold,
MS, and the USDA research farm, Southern Insect Management Research Unit, located in
Stoneville, MS. For recording the catches of L. lineolaris on traps, the field-collected sticky
cards were stored inside a Ziploc bag, and the number of L. lineolaris caught on the sticky
cards was counted and recorded later in the laboratory. The male/female ratio of the
insects was calculated for all the L. lineolaris trapped on the three out of the six replications
of red and white sticky card color used. The species and sex of the captured L. lineolaris
were determined based on the morphological characteristics of the abdomen. For female L.
lineolaris adults, there is a groove that begins at the bottom and rises to the middle of her
abdomen as the ovipositor lies in the center, almost hidden. This groove is not present for
males and has a tapered abdomen [16-18]. The catches of L. lineolaris were analyzed via
ANOVA followed by Tukey’s HSD to test for the significance of differences between means
using the JMP statistical program (SAS, Cary, NC, USA).

2.2. Preparation of Lures and Traps

Pheromone lures used in the field experiments were prepared at the Natural Resources
Institute, UK, according to George et al. [15]. Briefly, a blend of hexyl butyrate (HB),
(E)-2-hexenyl butyrate (E2HB), and (E)-4-oxo-2-hexenal (E4OH) in a 40:100:70 ratio was
formulated in sunflower oil with the major component at 10%. An antioxidant, 4-Methyl-
2,6-di-tert-butylphenol (BHT; 10% of major component), and UV screener, Waxoline Black
(10% of major component), were also added. The mixture (100 uL) was formulated on
cigarette filters in pipette-tip dispensers (1 mL; Fisher Scientific, Loughborough, UK). The
smaller end of the pipette tip was open and the larger end was sealed with a Teflon septum
and crimp seal, before wrapping them with duct tape to exclude light. Aluminum foil bags
were used to pack the lures and sent to USDA where they were stored in a refrigerator
(4 °C) before use.

Red (Pherocon SWD trap; Trécé Inc., Adair, OK, USA) and non-UV white (Great Lakes
IPM, Inc., Vestaburg, MI, USA) double-sided sticky cards (25 cm x 11.25 cm) were used
in the experiments. The color and the hot melt glue on these sticky cards are effective
in the monitoring and trapping of different insect species. The sticky cards were tied
to a 30 cm x 2 mm-thick vinyl coated cable (Lowe’s Inc., Mooresville, NC, USA) and
was attached to a 104 cm steel-painted metal traditional shepherd’s hook (LG Sourcing,
Inc., North Wilkesboro, NC, USA) using gorilla black duct tape (Gorilla Glue Company,
Cincinnati, OH, USA). Hanging the sticky cards to the shepherd’s hook helped to keep the
sticky cards above the plant canopy and prevented contact with the plant. As these traps
were deployed in the field for weeks under rainy and windy conditions, this setup allowed
free movement, easy visibility, and prevented any wind damage to the sticky cards. The
pheromone lures were attached horizontally to the center of the card using a plastic wire,
with the pipette tip pointing away from the card [15].

2.3. Comparison of Different Colored Sticky Cards with Pheromone Lures for Monitoring Lygus
lineolaris in Wild Hosts

The first experiment was performed at the Alcorn State University demonstration
plot in early spring (7-21 April 2022) to study the attraction of L. lineolaris surviving on
different weed or wild hosts towards the different colored double sticky cards with or
without pheromone lures. A 0.30-hectare field plot with mustard (Brassica juncea) and
other weed hosts were used for this experiment. Plants were in the flowering stage and
the initial visual sampling showed a good population of L. lineolaris. Treatments included
(1) red sticky card; (2) red sticky card + pheromone; (3) white sticky card; and (4) white
sticky card + pheromone. Treatments were arranged 12 m apart in the same row and 5 m
apart between rows. Traps were arranged in a completely randomized design and were
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replicated six times. Traps were arranged in a zig-zag pattern between the rows to allow
for maximum spacing between the traps. The L. lineolaris that were trapped on the sticky
cards were counted 7 days and 14 days after the deployment of the traps.

2.4. Perimeter Trapping of Lygus lineolaris Using Pheromone Traps

A second experiment was designed to study the dispersal and movement of L. lineolaris
adults from wild hosts near a cotton and soybean field in early spring. The experiment
field at the USDA research farm consisted of a 1-hectare rectangular plot with different
weeds, wild grasses, and flowering plants. This plot was maintained as a pollinator plot
throughout the year during the dearth of other pollen and honey resources in the offseason.
During this experiment in early spring (20 April-18 May 2022), no other crops were planted
next to this wildflower plot, and it provided wild hosts for feeding and survival early
in the season. Treatments included (1) red sticky card; (2) red sticky card + pheromone;
(3) white sticky card; and (4) white sticky card + pheromone. Treatments were set 15 m
apart in the field borders covering all the four sides of this rectangular field. Traps were
arranged randomly in a completely randomized design and were replicated six times. The
numbers of L. lineolaris caught on the sticky cards were counted weekly for four weeks.
The same pheromone lures were used throughout the duration of the experiment, and the
sticky cards were replaced weekly.

2.5. Tracking Movement of Lygus lineolaris from Weed Hosts to Cotton Using Pheromone Traps

Multiple studies have reported that the overwintering L. lineolaris adults survive
on weeds or other wild hosts in early spring before moving on to cotton and other row
crops in the summer season. In a third experiment, the red and white sticky cards with
or without pheromone lures were used to monitor the movement of L. lineolaris from the
wildflowers to cotton. The pheromone traps covered all the four sides of the cotton field
plot and were arranged to intercept the movement of the adults moving to the cotton crop
from the wildflower plots. The experiment was performed at the Alcorn State University
demonstration farm from 14 July-12 August 2022. Two patches of native wildflowers and
other weeds (18.3 m wide, 0.41 hectare) were allowed to grow during the early spring
season. These two wildflower beds were 30.5 m apart, and a plot of cotton (18.3 m wide,
0.41 hectare) was planted in early June in the middle of this space. A 6.1 m space was left
clean without any weeds between the wildflowers and cotton on both sides of the cotton.
Traps were arranged 15.3 m apart lengthwise in the center of this 6.1 m wide barrier space.
The number of L. lineolaris caught on the sticky cards were counted weekly for four weeks.
The same pheromone lures were used throughout the experiment, and the sticky cards
were replaced weekly. Visual inspection of fruiting structures were randomly performed
on forty plants (10 plants/row) in four rows of the experimental plots to check for the
presence of Lygus adults and nymphs. The damage to the cotton squares was measured
by counting the number of aborted squares on the plant. A total of 100 cotton squares
was checked randomly and was replicated four times, and the percentage square retention
was calculated.

3. Results
3.1. Comparison of Different Colored Sticky Cards with Pheromone Lures for Monitoring Lygus
lineolaris in Weed Hosts

The wild hosts contained a good number of L. lineolaris adults in early spring (Figure 1).
The red sticky cards attached with pheromone lures caught significantly more adults than
the white sticky cards with pheromone lures or the red and white sticky cards alone
(F3.23 = 30.47; p < 0.001, n = 6) (Figure 2). After two weeks, the total L. lineolaris caught on
the red sticky cards with pheromone lures were almost five times more than the white
sticky cards with the same pheromone lure. A major portion of L. lineolaris collected on the
sticky cards, irrespective of the treatments, were males, and the male/female percentage
ratio was 97:3 for all the insects caught on the colored sticky cards. No differences were
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observed in the male/female ratio of L. linoelaris adults on the red or white sticky cards,
with or without pheromones. The white sticky cards were observed to attract many other
species of dipteran insects, compared to the red sticky cards with less bycatch of other
insect species.

Figure 1. Lygus lineolaris adults on different types of wild hosts in early spring: (a) Patch of daisy
fleabane (Erigeron annus) with L. lineolaris adults next to a cotton field in early spring; (b) Lygus
lineolaris adults on daisy fleabane (Erigeron annus) flowers and (c) mustard (Brassica juncea) flowers in
the early spring season.
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Figure 2. Mean (£SEM) cumulative catch of Lygus lineolaris caught on red and white sticky cards
with or without pheromone lures in mustard, Brassica junceae, plot during early spring. The same
pheromone lures were used during the two-week experiment (7-21 April 2022), and sticky cards
were changed every week (1 = 6; means with different letters are significantly different via Tukey’s
HSD test after a significant ANOVA, p = 0.05).

3.2. Perimeter Trapping of Lygus lineolaris Using Pheromone Traps

Monitoring the movement of L. lineolaris adults from the wildflowers was very effec-
tive using the sticky card traps with pheromone lures. The red sticky cards baited with
pheromone lures caught the most number of L. lineolaris adults than the other sticky card
treatments throughout the four weeks of the experiment (p < 0.005, n = 6) (Table 1).
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Table 1. Mean (+SEM) cumulative catch of Lygus lineolaris on red and white sticky cards with or
without pheromone lures placed around the borders of a 1-hectare plot with wild hosts for five weeks
during early spring. The same pheromone lures were used throughout the experiment and sticky
cards were replaced every week (20 April-18 May 2022; n = 6); means followed by different letters
within the same week are significantly different (p = 0.05).

Trap Color-Pheromone Treatments

Weeks after Deployment Red Sticky + Red Sticky White Sticky + White Sticky F-Ratio p-Value
Pheromone Pheromone
Week 1 290 +4.12 0.8+04P 55+08P 02+02P 421 <0.001
Week 2 172+ 362 50+27b 32+09b 03 +03P 10.5 <0.001
Week 3 187 442 05+02b 05+03P 0toPb 16.7 <0.001
Week 4 103 +3.72 1.0+ 06" 07 +03P 02+ 02b 6.5 0.003

The total number of L. lineolaris caught on the red sticky card baited with pheromone
was eight times higher than the white sticky cards with the same pheromone lure. The
addition of the pheromone lure significantly increased the attraction towards the red sticky
cards, although not towards the white sticky cards. The red and white sticky cards with
or without the pheromone lure caught > 95% males compared to females (Figure 3). Few
females were found on these traps irrespective of the color or presence of pheromone.

mMales =Females

100 —
90
80
70
60
50
40
30
20
10
0

Red sticky + Red sticky White sticky + White sticky
pheromone pheromone

Sex ratio of L. lineolaris caught in traps

Treatments

Figure 3. Male/female ratio of Lygus lineolaris caught on sticky card traps in the perimeter of weed
hosts using sticky traps. Sex ratio is presented as the percentage of males/females (n = 152) caught
on the traps. Experiments were performed in early spring (20 April-18 May 2022).

3.3. Tracking Lygus lineolaris Movement from Weed Hosts to Cotton Using Pheromone Traps

The red sticky cards caught significantly more L. lineolaris than the other trap treat-
ments deployed in the experiment (F3 23 = 24.48; p < 0.0001, n = 6) (Figure 4). The sampling
of the cotton plants and wild hosts visually during the second week of the experiment
showed the presence of L. lineolaris adults in wild hosts (0.5 = 0.2) and cotton (1.5 = 0.6).
At the end of the experiment, a square retention count was performed in cotton to assess
the damage to the cotton squares. Cotton plants showed a 90% square retention even under
the untreated conditions.
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Figure 4. Mean (+SEM) cumulative number of adult Lygus lineolaris caught during five weeks
(14 July-12 August 2022) on red or white sticky cards with or without pheromone lures placed in
barrier rows between wild hosts and cotton (1 = 6; means labeled with different letters are significantly
different via Tukey’s HSD after a significant ANOVA; p = 0.05).

4. Discussion

Lygus lineolaris is a major hemipteran pest species in the Miridae family and causes exten-
sive damage to agriculturally important crops. Like many other Mirids, their polyphagous
feeding behavior, the wide host range, and their development of resistance to major insecti-
cide classes makes L. lineolaris a very successful pest in cotton and other crops. The extensive
application of malathion for boll weevil eradication has caused resistance development in L.
lineolaris to organophosphates and pyrethroids in the mid-southern states [19,20]. Multiple
studies have documented the presence of L. lineolaris on weed hosts near commercial
crop field edges during the early spring season before they move on to commercial crop
fields [7,10,13,21]. Scouting the susceptible stages of cotton using drop cloths, sweep nets,
and visual observations on square retention and the number of dirty squares is important
in making insecticide application decisions. However, there are limitations with these sam-
pling methods depending on the insect and cotton growth stages [4,14,22]. The availability
of alternate weed hosts in the field margins and the dispersal distance from these alternate
hosts to the cotton interior may significantly affect these sampling techniques, which in
turn may affect the management practices [13].

The detection and monitoring of pest species using pheromone traps have gained
momentum in recent decades as it is ecofriendly, cost-effective, and contributes towards
integrated pest management. Pheromone traps can be used for early season detection,
season-long pest abundance monitoring, and mass trapping strategies. Pheromone traps
that combine visual and pheromone cues may be very useful when monitoring L. lineolaris
adults early in spring on different weedy hosts bordering the cotton fields. Lygus lineolaris
pheromone components, their different blends, and their activity towards Lygus have been
reported earlier [23-27]. Previous studies have field tested these lures using the white
sticky cards against different Lygus spp. and have reported varying results in attracting
Lygus adults [28,29]. George et al. [15] reported the use of pheromone lures to increase
the attraction of L. lineolaris adults to the red colored sticky cards in cotton under the
field conditions. Combining pheromone lures with the red colored sticky cards had a
multiplicative effect on attracting and trapping L. lineolaris adults.
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In the current study, a similar red sticky card pheromone combination was used to
monitor the early season population of L. lineolaris in wild hosts, and their distribution and
movement within and away from these alternate hosts. Lygus populations that multiply
and build populations on weedy hosts need to be monitored and managed effectively
before damage is sustained to the agriculturally important crops. Three set of experiments
in two different locations investigated the efficacy of these pheromone traps in monitoring
L. lineolaris movement in early spring. The first experiment showed that the red sticky cards
baited with pheromone lure traps caught much higher numbers of L. lineolaris than the
white sticky cards baited with pheromone or the sticky cards alone, and so are presumably
more sensitive to detecting low populations. These pheromone traps were deployed in
an area with different types of wild hosts, and the higher trap catches showed that these
plants harbor a good number of L. lineolaris adults and act as breeding grounds before the
agricultural crops are planted. The male/female ratio was 97:3, which is not surprising
for an insect trap containing female-produced sex pheromone. However, the sticky cards
without the pheromone lures also had > 90% males, which showed that there could be a
higher proportion of males than females in the field, or the males are more active fliers,
resulting in an increased number of males in our sticky cards.

A second experiment in wildflowers was also performed during the early spring
season and our trapping results showed that there is a very active field population of L. line-
olaris, and these adjacent weeds and wildflowers act as alternate hosts. These randomized
treatment traps in the borders covering the whole 1-hectare plot trapped the insects that
were moving in and out of this field. There was a higher proportion of males than females
in the traps as in the previous experiment. If these insects are not managed before the
cropping season, their movement into the neighboring crops can cause yield loss. Recent
studies have shown that an early season infestation of L. hesperus, even at low densities,
can result in significant yield loss, whereas a mid-season infestation of the same pest had
only marginal effects on the cotton yield [30,31]. The distribution of weeds and alternate
hosts in the field landscape can influence the movement of L. lineolaris [32,33]. Fleischer and
Gaylor [21] previously reported the abundance of L. lineolaris on different types of weed
hosts and how the weeds act as nurse crops for L. lineolaris early in the season. They have
also reported that diversifying the agroecosystems may result in less damage to cotton,
as multiple cultivated hosts will be available to feed on during the cropping season. Our
experiments showed that the red sticky pheromone trap would be an effective tool for the
early season monitoring of L. lineolaris.

The final experiment monitored the movement of L. lineolaris adults from wild hosts to
the cotton crop during the summer season. The field sampling of wild hosts in the spring
showed the presence of L. lineolaris in many of the wild hosts in the plots. Even though
trapping L. lineolaris using sticky cards is not a preferred practice for pest management, the
presence of these pheromone traps bordering the cotton plot may have contributed to a
reduction in the movement of L. lineolaris from wild hosts to cotton. Very low populations of
L. lineolaris were observed on the cotton plants and a 90% square retention rate was observed
even without insecticide application. Using these pheromone traps and lure combinations
will enable landscape-level sampling, reducing end-user variability, which continues to
be a major problem in the scouting and monitoring of cotton insect pests. Effective weed
management is important in reducing early Lygus populations that damage the developing
fruiting structures, including the squares that critically impact the cotton yield.

Studies by D’ Ambrosia et al. [13] described the development and seasonal movement
of L. lineolaris from weeds into the cotton fields. The proximity to the weedy field edges can
influence the dispersal of L. lineolaris late instar nymphs to the cotton crops. Mark-recapture
studies have shown that L. lineolaris late instar nymphs can walk up to 50 m in situations
where its weedy hosts were destroyed [34]. D’ Ambrosio et al. [13] also reported that the
flightless nymphs could reach cotton more readily from the declining weed hosts. Field
weed edges with a higher perimeter relative to the area may also facilitate the movement of
L. lineolaris into cotton as there is a higher weed—cotton interface. Flight mill studies have
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reported that adult L. lineolaris can travel 12 km/12 h [35], and 37.5 m/day in flowering
cotton [36].

The current sampling strategies using drop cloths and sweep nets have advantages and
disadvantages and require more human input and resources, in addition to the variability
associated with these sampling methods. Monitoring pest populations using sticky cards
and pheromone lures is cheap, effective, and requires less human input compared to
the traditional sampling methods. These traps can be deployed early in the season to
monitor the overwintering pest populations in weeds and other wild hosts. There are
also options for automated pest monitoring, allowing growers to monitor pests caught on
pheromone traps and send real-time trap catch information to computers or cell phones.
These automatic traps are currently available and can be used for the continuous monitoring
of pests based on which management decisions can be designed. The use of pheromone
traps and automated trapping methods can help growers to optimize the use of pesticides
and reduce insecticide residues. Combining the traditional sampling methods, pheromone
traps, and automated trapping methods will help growers to monitor and make judicious
decisions on managing the field weed edges that host early season pests.

Author Contributions: Conceptualization, J.G., G.V.PR. and D.R.H.; writing original draft, J.G.
and D.R.H.; methodology, investigation, and validation, J.G., ].P.G. and C.J.; formal analysis and
visualization, J.G.; resources, and review and editing, ].G., ].P.G., C.J., G.V.PR. and D.R.H.; supervision
and project administration, J.G. and G.V.PR. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding. This work was supported by the U.S. Depart-
ment of Agriculture, Agricultural Research Service, Research Project# 6066-22000-090-00D Insect
Control and Resistance Management in Corn, Cotton, Sorghum, Soybean, and Sweet Potato, and
Alternative Approaches to Tarnished Plant Bug Control in the Southern United States. The findings
and conclusions in this publication are those of the author(s) and should not be construed to represent
any official U.S.D.A. or U.S. Government determination or policy. Any mention of trade names or
commercial products in this publication is solely for the purpose of providing specific information. It
does not imply a recommendation or endorsement by the U.S. Department of Agriculture.

Data Availability Statement: All the data related to the research work are presented in the manuscript.
Further details are available from the authors upon request.

Acknowledgments: We thank Raven Allison, Dayreke Snow, Shundalyn Moore, and Russell Godbold
for technical assistance in the lab and field experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  USDA. Cotton Production Data. 2023. Available online: https://www.usda.gov /sites/default/files/documents /2023 AOF-
cotton-outlook.pdf (accessed on 6 June 2023).

2. USDA. Cotton Outlook. 2022. Available online: https://www.usda.gov/sites/default/files/documents/2022 AOF-cotton-
outlook.pdf (accessed on 6 June 2023).

3.  Layton, M.B. Biology and damage of the tarnished plant bug, Lygus lineolaris, in cotton. Southwest. Entomol. 2000, 1, 7-20.

4. Gore, ].; Catchot, A.; Musser, F; Greene, J.; Leonard, B.R.; Cook, D.R.; Snodgrass, G.L.; Jackson, R. Development of a plant-based
threshold for tarnished plant bug (Hemiptera: Miridae) in cotton. J. Econ. Entomol. 2012, 6, 2007-2014. [CrossRef]

5. Williams, M.R. Cotton Insect Loss. 2009. Available online: http://www.entomology.msstate.edu/resources/2009loss.php
(accessed on 27 February 2023).

6.  Williams, M.R. Cotton Insect Loss. 2016. Available online: http://www.entomology.msstate.edu/resources/2016loss.php
(accessed on 27 February 2023).

7.  Esquivel, ].F.; Mowery, S.V. Host plants of the tarnished plant bug (Heteroptera: Miridae) in central Texas. Environ. Entomol. 2007,
36, 725-730. [CrossRef] [PubMed]

8. Hardman, J.M.; Jensen, K.IN.; Moreau, D.L.; Franklin, ].L.; Bent, E.D. Effects of ground cover treatments and insecticides use on
population density and damage caused by Lygus lineolaris (Heteroptera: Miridae) in apple orchards. J. Econ. Entomol. 2004, 97,
993-1002. [CrossRef] [PubMed]

9.  Snodgrass, G.L.; Scott, W.P,; Smith, W.]. Host plants and seasonal distribution of the tarnished plant bug (Hemiptera: Miridae) in

the Delta of Arkansas, Louisiana, and Mississippi. Environ. Entomol. 1984, 13, 110-116. [CrossRef]


https://www.usda.gov/sites/default/files/documents/2023AOF-cotton-outlook.pdf
https://www.usda.gov/sites/default/files/documents/2023AOF-cotton-outlook.pdf
https://www.usda.gov/sites/default/files/documents/2022AOF-cotton-outlook.pdf
https://www.usda.gov/sites/default/files/documents/2022AOF-cotton-outlook.pdf
https://doi.org/10.1603/EC12079
http://www.entomology.msstate.edu/resources/2009loss.php
http://www.entomology.msstate.edu/resources/2016loss.php
https://doi.org/10.1093/ee/36.4.725
https://www.ncbi.nlm.nih.gov/pubmed/17716463
https://doi.org/10.1603/0022-0493(2004)097[0993:EOGCTA]2.0.CO;2
https://www.ncbi.nlm.nih.gov/pubmed/15279283
https://doi.org/10.1093/ee/13.1.110

Insects 2023, 14, 805 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Outward, R.; Sorenson, C.E.; Bradley, ].R., Jr. Effects of vegetated field borders on arthropods in cotton fields in eastern North
Carolina. J. Insect Sci. 2008, 8, 9. [CrossRef]

Musser, ER.; Lorenz, G.M.; Stewart, S.D.; Bagwell, R.D.; Leonard, B.R.; Catchot, A.L.; Tindall, K.V,; Studebaker, G.E.; Akin, D.S,;
Cook, D.R;; et al. Tarnished plant bug (Hemiptera: Miridae) thresholds for cotton before bloom in the Midsouth of the United
States. J. Econ. Entomol. 2009, 102, 2109-2115. [CrossRef] [PubMed]

Reisig, D. Check Cotton at First Square for Plant Bugs. 2017. Available online: https://cotton.ces.ncsu.edu/2017/06/check-
cotton-at-first-square-for-plant-bugs/ (accessed on 31 January 2023).

D’Ambrosio, D.A.; Peele, W.; Hubers, A.; Huseth, A.S. Seasonal dispersal of Lygus lineolaris (Hemiptera: Miridae) from weedy
hosts into differently fragmented cotton landscapes in North Carolina. Crop Protect. 2019, 125, 104898. [CrossRef]

Reisig, D.D. Managing Insects on Cotton. 2019 Cotton Information. Available online: https://content.ces.ncsu.edu/cotton-
information (accessed on 31 January 2023).

George, ].; Reddy, G.V.P; Little, N.; Arnold, S.E.].; Hall, D.R. Combining visual cues and pheromone blends for monitoring and
management of the tarnished plant bug, Lygus lineolaris (Hemiptera: Miridae). Pest Manag. Sci. 2023, 79, 2163-2171. [CrossRef]
Crosby, C.R.; Leonard, M.D. The tarnished plant-bug (Vol. 346). Cornell Univ. Bull. 1914, 346, 461-526.

Edde, P.A. Field Crop Arthropod Pests of Economic Importance; Academic Press: San Diego, CA, USA, 2022; Chapter 11.9. [CrossRef]
Mueller, S.C.; Summers, C.G.; Goodell, P.B. A Field Key to the Most Common Lygus Species Found in Agronomic Crops of the Central San
Joaquin Valley of California; University of California Division of Agriculture and Natural Resources publication 8104; University of
California Division of Agriculture and Natural Resources: Berkeley, CA, USA, 2003; 12p.

Cook, D.R.; Leonard, B.R.; Burris, E.; Burns, D.R. Tarnished plant bug management in Northeast Louisiana. In Proceedings of the
2007 Beltwide Cotton Conferences, National Cotton Council, Memphis, TN, USA, 11 January 2007; pp. 1704-1710.

Snodgrass, G.L.; Gore, J.; Abel, C.A.; Jackson, R. Predicting field control of tarnished plant bug (Hemiptera: Miridae) populations
with pyrethroid insecticides by use of glass-vial bioassays. Southwest. Entomol. 2008, 33, 181-189. [CrossRef]

Fleischer, S.J.; Gaylor, M.]. Seasonal abundance of Lygus lineolaris (Heteroptera: Miridae) and selected predators in early season
uncultivated hosts: Implications for managing movement into cotton. Environ. Entomol. 1987, 16, 379-389. [CrossRef]

Musser, F,; Stewart, S.; Bagwell, R.; Lorenz, G.; Catchot, A.; Burris, E.; Cook, D.; Robbins, J.; Greene, J.; Studebaker, G.; et al.
Comparison of direct and indirect sampling methods for tarnished plant bug (Hemiptera: Miridae) in flowering cotton. J. Econ.
Entomol. 2007, 100, 1916-1923. [CrossRef]

Blumenthal, M.A. The Metathoracic Gland System of Lygus lineolaris (Heteroptera: Miridae). Master’s Thesis, Cornell University,
Ithaca, NY, USA, 1978; 142p.

Gueldner, R.C.; Parrott, W.L. Volatile constituents of the tarnished plant bug. Insect Biochem. 1978, 8, 389-391. [CrossRef]
Wardle, A.R.; Borden, ].H.; Pierce, H.D., Jr.; Gries, R. Volatile compounds released by disturbed and calm adults of the tarnished
plant bug, Lygus lineolaris. ]. Chem. Ecol. 2003, 29, 931-944. [CrossRef]

Zhang, Q.H.; Chauhan, K.R; Zhang, A.; Snodgrass, G.L.; Dickens, J.C.; Aldrich, ].R. Antennal and behavioral responses of Lygus
lineolaris (Palisot de Beauvois) (Heteroptera: Miridae) to metathoracic scent gland compounds. J. Entomol. Sci. 2007, 42, 92-104.
[CrossRef]

Byers, J.A.; Fefer, D.; Levi-Zada, A. Sex pheromone component ratios and mating isolation among three Lygus plant bug species
of North America. Naturwissenschaften 2013, 100, 1115-1123. [CrossRef] [PubMed]

Fountain, M; Jastad, G.; Hall, D.; Douglas, P.; Farman, D.; Cross, J. Further studies on sex pheromones of female Lygus and related
bugs: Development of effective lures and investigation of species-specificity. J. Chem. Ecol. 2014, 40, 71-83. [CrossRef] [PubMed]
Parys, K.A ; Hall, D.R. Field evaluation of potential pheromone lures for LyQus lineolaris (Hemiptera: Miridae) in the Mid-South. J.
Insect Sci. 2017, 17, 25. [CrossRef]

Rosenheim, J.A.; Meisner, M.H. Ecoinformatics can reveal yield gaps associated with crop-pest interactions: A proof-of-concept.
PLoS ONE 2013, 8, €80518. [CrossRef]

Meisner, M.H.; Rosenheim, J.A. Ecoinformatics reveals effects of crop rotational histories on cotton yield. PLoS ONE 2014, 9,
e85710. [CrossRef]

Carriere, Y.; Ellsworth, P.C.; Dutilleul, P; Ellers-Kirk, C.; Barkley, V.; Antilla, L. A GIS-based approach for areawide pest
management: The scales of Lygus hesperus movements to cotton from alfalfa, weeds, and cotton. Enfomol. Exp. Appl. 2006, 118,
203-210. [CrossRef]

Meisner, M.H.; Zaviezo, T.; Rosenheim, J.A. Landscape crop composition effects on cotton yield, Lygus hesperus densities and
pesticide use. Pest Manag. Sci. 2017, 73, 232-239. [CrossRef] [PubMed]

Khattat, A.R.; Stewart, R K. Population fluctuations and interplant movements of Lygus lineolaris. Ann. Entomol. Soc. Am. 1980, 73,
282-287. [CrossRef]

Stewart, S.; Gaylor, M.]. Effects of age, sex, and reproductive status on flight by the tarnished plant bug (Heteroptera: Miridae).
Environ. Entomol. 1994, 23, 80-84. [CrossRef]

Banscroft, J.S. Dispersal and abundance of Lygus hesperus in field crops. Environ. Entomol. 2005, 34, 1517-1523. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1673/031.008.0901
https://doi.org/10.1603/029.102.0614
https://www.ncbi.nlm.nih.gov/pubmed/20069839
https://cotton.ces.ncsu.edu/2017/06/check-cotton-at-first-square-for-plant-bugs/
https://cotton.ces.ncsu.edu/2017/06/check-cotton-at-first-square-for-plant-bugs/
https://doi.org/10.1016/j.cropro.2019.104898
https://content.ces.ncsu.edu/cotton-information
https://content.ces.ncsu.edu/cotton-information
https://doi.org/10.1002/ps.7395
https://doi.org/10.1016/C2018-0-04342-X
https://doi.org/10.3958/0147-1724-33.3.181
https://doi.org/10.1093/ee/16.2.379
https://doi.org/10.1093/jee/100.6.1916
https://doi.org/10.1016/0020-1790(78)90026-4
https://doi.org/10.1023/A:1022987901330
https://doi.org/10.18474/0749-8004-42.1.92
https://doi.org/10.1007/s00114-013-1113-7
https://www.ncbi.nlm.nih.gov/pubmed/24233237
https://doi.org/10.1007/s10886-013-0375-z
https://www.ncbi.nlm.nih.gov/pubmed/24390623
https://doi.org/10.1093/jisesa/iew109
https://doi.org/10.1371/journal.pone.0080518
https://doi.org/10.1371/journal.pone.0085710
https://doi.org/10.1111/j.1570-7458.2006.00384.x
https://doi.org/10.1002/ps.4290
https://www.ncbi.nlm.nih.gov/pubmed/27063001
https://doi.org/10.1093/aesa/73.3.282
https://doi.org/10.1093/ee/23.1.80
https://doi.org/10.1603/0046-225X-34.6.1517

	Introduction 
	Materials and Methods 
	Study Locations and General Field Experiment Procedures 
	Preparation of Lures and Traps 
	Comparison of Different Colored Sticky Cards with Pheromone Lures for Monitoring Lygus lineolaris in Wild Hosts 
	Perimeter Trapping of Lygus lineolaris Using Pheromone Traps 
	Tracking Movement of Lygus lineolaris from Weed Hosts to Cotton Using Pheromone Traps 

	Results 
	Comparison of Different Colored Sticky Cards with Pheromone Lures for Monitoring Lygus lineolaris in Weed Hosts 
	Perimeter Trapping of Lygus lineolaris Using Pheromone Traps 
	Tracking Lygus lineolaris Movement from Weed Hosts to Cotton Using Pheromone Traps 

	Discussion 
	References

