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Chapter 1: Assessment of Borer Pest Injury in Floral Hemp Cultivars

Abstract

Hemp produces cannabinoids, including tetrahydrocannabinol (THC), which are
secondary metabolites that can be induced by insect herbivory. This study investigated 1) the
incidence of borer pest injury across four cultivars (Sweet Wife, Super Wife, Cherry Blossom,
and Cloud Berry), 2) the impact of feeding injury on plant biomass; and 3) the impact of feeding
injury on cannabinoid concentration. At three field sites, cumulative injury count by Grapholita
delineana (Lepidoptera: Tortricidae), Helicoverpa zea (Lepidoptera: Noctuidae), and Ostrinia
nubilalis (Lepidoptera: Crambidae) was collected biweekly throughout the growing season,
while plant biomass and inflorescence samples were collected at the end of the season.
Inflorescence samples were analyzed for cannabinoid content via gas chromatography-mass
spectrometry (GC-MS). Mean cumulative injury per plant was higher for G. delineana compared
to H. zea, while no injury or larvae of O. nubilalis larvae were observed. Helicoverpa zea injury
was higher on Cloud Berry plants compared to Cherry Blossom plants, while G. delineana
showed no cultivar preference. The severity of borer pest injury on plants did not have a
correlation with their end-of-season dry biomass. There was a significant site effect on injury
count, biomass, and cannabinoid concentration, which made it difficult to draw conclusions
about the effect of injury count on biomass and cannabinoid concentrations. Overall, the results
indicate G. delineana as the most abundant borer pest observed, and that hemp plants seem to

tolerate G. delineana feeding without a significant induction of cannabinoids.



Introduction

Hemp (Cannabis sativa L.) has made a resurgence as an agricultural crop in the U.S. after
the 2018 Farm Bill legalized production. In 2024, the hemp industry was valued at $445 million,
up 40% from 2023 (National Agricultural Statistics Service, 2025). All outdoor U.S. hemp
production totaled 18,330 hectares in 2024, with 4,476 hectares planted annually in the North
Central region (National Agricultural Statistics Service, 2025). There are three different types of
industrial hemp, grown for flower, fiber, and grain (Adesina et al., 2020), which account for
approximately 92%, 2%, and 1% of the industry’s economic value, respectively (National
Agricultural Statistics Service, 2025). The legal distinction between hemp and marijuana
established in the 2018 Farm Bill states that hemp is C. sativa with less than 0.3%
tetrahydrocannabinol (THC) by weight (Rep. Conaway, 2018). In states where cultivation of
marijuana is illegal, C. sativa plants with greater than 0.3% THC must be destroyed following
USDA guidelines (USDA Agricultural Marketing Service, 2021). This regulatory distinction
poses a challenge to growers, and the USDA estimates 20% of hemp grown in a season will
exceed legal THC limits (Johnson, 2025).

Hemp produces over 100 secondary metabolites called cannabinoids, including
tetrahydrocannabinolic acid (THCA), cannabidiolic acid (CBDA), and cannabigerolic acid
(CBGA). These cannabinoids degrade into THC, cannabidiol (CBD), and cannabigerol (CBG)
via decarboxylation (Flores-Sanchez & Verpoorte, 2008). Cannabinoids are a type of secondary
metabolite called phenol-aromatic terpenoids, which are widely distributed in vascular plants,
and can act as toxins or deterrents to predators, such as insects or mammals (Karifiho-Betancourt,

2020). Cannabinoids can be constitutive, already produced in the plant without a stimulus, as
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well as induced, produced in response by the plant to a stimulus such as herbivory (Andre et al.,
2016; Jackson et al., 2021; Kostanda & Khatib, 2022; Mithéfer & Boland, 2012).

Cannabis sativa exhibits host plant resistance via antibiosis (Abendroth et al., 2023;
Hayes et al., 2023; Park et al., 2019), antixenosis (Jackson et al., 2021; Kostanda & Khatib,
2022; Stack, Snyder, et al., 2023), and tolerance (Small et al., 2007). In herbivores such as
cabbage looper (Trichoplusia ni) and corn earworm, Helicoverpa zea (Boddie) (Lepidoptera:
Noctuidae), higher levels of cannabinoids in diet can cause a reduction in larvae growth and
survival (Jackson et al., 2021; Stack, Snyder, et al., 2023), indicating antibiosis. Hemp can also
deter herbivores via secondary compounds like cannabinoids and terpenes, and morphological
structures such as trichomes can limit insect mobility, suggesting antixenosis (Lopez Carretero et
al., 2022; Stack, Snyder, et al., 2023). Hemp defense compounds can also be induced in response
to herbivory, such as with H. zea, which can induce THC past the 0.3% legal limit (Jackson et
al., 2021). Hemp can also tolerate, and even overcompensate, in reaction to herbivory. Small et
al. (2007) found that hemp plants with European corn borer, Ostrinia nubilalis (Hiibner)
(Lepidoptera: Crambidae), injury had increased biomass and seed production compared to those
without injury. Tolerance is an often overlooked aspect of host plant resistance (Peterson et al.,
2017). Understanding how hemp cultivars’ ability to withstand and recover from common pest
herbivory will inform whether management intervention is needed. Therefore, understanding
how common hemp pest herbivory is associated with plants’ cannabinoid content, and whether
hemp cultivars are able to withstand and recover from common pest herbivory, will help growers
understand if pest outbreaks will affect the legality of their crop and inform management

decisions.
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Hemp cultivars can have different effects on herbivores through variance in
concentrations of secondary compounds, level of maturation, and plant morphology. Hemp
cultivars with lower concentrations of cannabinoids can be more susceptible to herbivory,
showing constitutive defense (Stack, Snyder, et al., 2023). Noctuid pests interact with hemp
cultivars differently, showing variance in survivorship and leaf area consumed on different hemp
cultivar hosts (Arey et al., 2022). Helicoverpa zea host preference in hemp can be driven by
cultivar variation in flower maturation timing and floral canopy density (Cosner & Grant, 2024).
Therefore, hemp cultivar traits affect host plant preference and feeding habits of pests.

Hemp, native to Central Asia, hosts a range of specialist and generalist herbivores despite
its defense strategies (Ahmed et al., 2024; Britt et al., 2022; Munir et al., 2023; Schreiner et al.,
2019). A recent review of U.S. hemp pest surveys identified the generalist feeder H. zea and the
specialist feeders Eurasian hemp borer, Grapholita delineana (Walker) (Lepidoptera:
Tortricidae); hemp russet mite, Aculops cannibicola; and cannabis aphid, Phorodon cannabis,
are the main key pests of the resurging industry (Cranshaw et al., 2019). Specialist and
generalist insect herbivores can trigger secondary compound signaling pathways differently, as
specialist insect herbivores have a longer evolutionary history of interacting with their host plant
and can develop adaptations to defensive secondary compounds (Kariftho-Betancourt, 2020).

Helicoverpa zea is a generalist feeder, commonly found in corn, tomatoes, peppers,
lettuce, and snap peas (Bick et al., 2025) and can cause significant damage, costing one grower
in Colorado over $0.5 million in floral hemp crop loss (Cranshaw et al., 2019). Ostrinia nubilalis
is the highest occurring stalk-boring pest in hemp across the U.S. (Munir et al., 2023), and has
caused significant damage to hemp in the North Central region (S. Ellison, personal

communication, September 17, 2024). Ostrinia nubilalis, also a generalist associated with corn,
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tunnels into the stems and stalks of hemp making the plants prone to breakage. Grapholita
delineana, a specialist pest of hemp, was first noted as a significant herbivore of hemp in North
America in Illinois in 1975 (Haney & Kutscheid, 1975) and continues to be reported as a
significant pest of hemp (Cranshaw et al., 2019). Grapholita delineana can produce one to four
generations annually, depending on location, with early generations causing damage by boring 1-
2 cm into the stalk for pupation and the latest generation feeding on flowers and seeds, the period
where the most damage occurs in floral and grain hemp crops (McPartland, 2002).

This study investigated the incidence of G. delineana, H. zea, and O. nubilalis herbivory
in hemp and the impact of herbivory on plant defense compounds and biomass. Specifically, we
assessed 1) how CBD hemp cultivars vary in their susceptibility to borer pests; 2) whether
amount of borer injury correlates to THC and CBD concentrations in hemp inflorescences; and
3) whether amount of borer injury correlates with end-of-season biomass. This research informs
pest management priorities for hemp in the North Central region, guiding the development of

pest-resistant cultivars and helping growers better assess the risks posed by borer pests.

Materials and Methods

Study sites

This study was conducted at three hemp field sites in south-central Wisconsin, USA from
June to October, 2025. Two sites were located on private hemp farms near Milton and Cottage
Grove, WI, and the third site was at the University of Wisconsin Agricultural Research Station in

Arlington, WI.
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Plant source and cultivar selection

To assess how different hemp cultivars vary in borer pest susceptibility, four high
cannabinoid floral hemp cultivars were selected as treatments for this experiment. Cultivars were
selected to represent low, medium, and high insect pest and disease ratings using average visual
pest and disease ratings collected by growers on 40 cultivars via the Midwest Hemp Research
Collaborative (MHRC) in 2023 and 2024. Ratings were assigned visually based on level of
insect pest and disease damage by growers, where 5 indicates high resistance, and 0 indicated
low resistance. Assigned ratings ranged from 2.9 to 4.5. Three cultivars were selected based on
the MHRC resistance ratings: Super Wife (3.2) (Trilogene, Longmont, CO, USA), Sweet Wife
(3.5) (Trilogene, Longmont, CO, USA), and Cherry Blossom (4.4) (Blue Forest Farms, New
York, NY, USA). The fourth cultivar, Cloud Berry (Blue Forest Farms, New York, NY, USA),
was selected as a new cultivar for which no MHRC ratings were previously recorded, so its
cannabinoid content and pest incidence was unknown prior to this study. Seeds for each cultivar
were supplied to growers and started indoors. Seedlings were then transplanted into the field in
June when seedlings were between 8 and 22 cm tall, following the grower’s typical timeline and
practices (Milton: June 24; Arlington: June 11; Cottage Grove: June 7). Plants were not irrigated
and were only watered via rainfall. Management of other insects and diseases within site blocks
was performed at the discretion of each grower. At the Arlington Research Station site, nothing

was sprayed for insect nor disease control.

Experimental design
At each site, four cultivar plots containing homogenous Super Wife, Sweet Wife, Cherry
Blossom, and Cloud Berry plants were planted in a 300 m? block, with plant spacing ranging 1-3

meters, following a randomized complete block design to account for field edge effects on pest



pressure. Each cultivar plot had 15 plants. Within each cultivar plot, ten plants were randomly
selected for assessment of borer injury and biomass sampling. One complete block, or replicate,

was planted at each of the three sites with randomly ordered cultivar plots.

Sampling borer pest injury

Insect borer injury and borer larvae on plants were sampled every other week from June
12 through October 9, 2025. To quantify pest injury from the three main borer pests G.
delineana, H. zea, and O. nubilalis, number of galls and frass masses of each species as well as
larvae were identified to species and counted on each plant. Injury from G. delineana was
identified by brown frass with small granules that would not brush off the plant, often excreting
from fusiform galls (McPartland et al., 2000) (Figure 1). Grapholita delineana larvae were
distinguished as small, cream to red colored larvae with yellowish brown to black ocelli, and
even-sized light-colored spiracles (Figure 1). Helicoverpa zea injury was identified by
inflorescence damage with dark brown or black frass with large granules. Helicoverpa zea larvae
were distinguished as larger, longitudinally-striped larvae with dark protruding spiracles (Figure
1). Inflorescence damage between G. delineana and H. zea appeared similar, so presence of frass
or nearby larvae were used to confirm the identification. Injury from O. nubilalis was identified
by light beige sawdust-like frass with medium granules that brushed easily off the plant (Figure
1). Ostrinia nubilalis larvae were identified by their light body color and variably sized dark
spiracles (Figure 1). Because galls and frass caused by G. delineana remained on plants as the
plant grew, injury counts for this species represent cumulative damage at each time of sampling.
For H. zea, since injury did not remain from one sampling time to the next, plant injury and

larvae counts were added to subsequent weeks for each plant to represent cumulative injury. No


https://www.zotero.org/google-docs/?broken=yVhQYT

O. nubilalis were observed, so the persistence of their feeding injury throughout the season was

unknown. Observers were trained using reference photos of larvae and damage (Figure 1).

Eurasian hemp borer Corn earworm European corn borer

Larvae
identification

Stalk injury
symptoms

Inflorescence
injury
symptoms

Figure 1. Larvae appearance and characteristic damage of Eurasian hemp borer (Grapholita
delineana), corn earworm (Helicoverpa zea), and European corn borer (Ostrinia nubilalis)
(Boylan & Dillman, 2019; Colorado State University, n.d.; Seaman, 2024; Utah State University,

n.d.).

End-of-season plant biomass

To assess how early season (July 10 to July 17, 2025) and late season (Oct 2 to Oct 9,

2025) borer injury affects plant biomass, the dry biomass of each plant sampled for borer injury
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was estimated. Early season cumulative G. delineana injury was analyzed in addition to end-of-
season injury because we observed damage to growth points at that time, which caused some
plants to have deformed growth. To reflect the normal commercial timing for harvest, biomass
sampling was conducted between Oct 16 and Oct 23. Plant stems were cut at the soil line and
entire plants were weighed on a scale in the field to the nearest .01 kg. From each plant, one
representative branch was selected by measuring 30 cm down from the top of the central cola,
and clipping the fourth branch down from that point. The wet weight of each branch was taken to
the nearest gram, then branches were dried in paper bags in a 50 °C drying room until constant
weight was achieved. The dry weight of each branch was then taken and used to estimate the
moisture content of the entire plant (1). Using the moisture content, the dry weight of each entire

sampled plant was then calculated (2).

wet branch weight — dry branch weight

moisture content = -
wet branch weight

(1)

dry biomass = wet plant weight — (wet plant weight - moisture content) (2)

Cannabinoid Analysis

To assess how different levels of pest pressure affect cannabinoid content, plants were
selected to represent no injury, low injury, and high injury from G. delineana, H. zea, and O.
nubilalis combined. The level was determined from the total combined injury count at the end of
the season, where no injury represented 0, low injury represented 9-40, and high injury

represented 80-125 injury counts per plant. Three randomly selected plants from each cultivar in
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each pest pressure level were used for cannabinoid analysis. The same dried branches used to
quantify biomass for these selected plants were used as inflorescence material for cannabinoid
analysis.

Cannabinoids were extracted from each plant’s inflorescence material. First, the top 12
cm of a dried inflorescence sample was cut and ground finely with a mortar and pestle, then run
through a 2 mm sieve. Then, 100 mg of sieved, dry plant material was added to 30 mL of
methanol (Sigma-Aldrich, St. Louis, MO, USA, SupraSolv, 99%). The sample was homogenized
ina 10 - 15 °C ultrasonic bath for 30 min (Fisher Scientific, Hampton, NH, USA, CPXH 5.7 L),
then centrifuged for 3 min at 6000 rpm at room temperature (Eppendorf, Hamburg, Germany,
5810 R). Then, 10 mL of the supernatant was recovered. Tridecane was added as an internal
standard to each sample to reach a concentration of 20 ug/mL tridecane (Sigma-Aldrich, St.
Louis, USA, MO). Samples were stored in a -20 °C freezer until chemical analysis.

Cannabinoids were separated and measured using a gas chromatograph coupled to a mass
spectrometer (GC-MS) (Thermo Scientific, Waltham, MA, USA, Trace 1300 and ISQ QD). The
GC was equipped with a TG-5MS column, 30 m in length, 0.250 mm diameter, and 0.25 pym
film thickness (Thermo Scientific, Waltham, MA, USA). The GC was programmed with an oven
temperature start of 60 °C, ramping up 10 °C/min until reaching 300 °C, and held for 2 min, for a
total run time of 26 min. The GC front inlet temperature was set to 250 °C and helium carrier gas
flow set to a 1.20 mL/min constant. Splitless time was set to 1 min, with split flow at 10 mL/min.
Purge flow control was turned on at 3 mL/min. Gas saver flow was set to 15 mL/min for 2 min.
The MS transfer line temperature was set to 280 °C. The MS ion source temperature was set to
230 °C and set to electron ionization (EI) mode. A 1puL aliquot of each sample, including

calibration curve standard solutions, was injected into the machine. Cannabinoid abundances
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were analyzed using Chromeleon 7 (Thermo Scientific, Waltham, MA, USA). The CBD and
THC peaks of samples were identified by matching mass spectra and retention time to authentic
standards. Cannabidiol content was quantified using a calibration curve of 300 pg/mL, 240
pg/mL, 180 pg/mL, 120 pg/mL, and 60 pg/mL of CBD standard diluted in methanol (Restek,
Bellefonte, PA, USA, Cannabidiol Standard 1000pg/mL P&T Methanol). Similarly, THC
content was quantified using a calibration curve of 100 pg/mL, 80 ug/mL, 60 pg/mL, 40 ug/mL,
and 20 pg/mL THC standard diluted in methanol (Restek, Bellafonte, PA, USA,
Tetrahydrocannabinol Standard 1000 pg/mL P&T Methanol). Cannabinoid peak areas were
converted to weights using standard calibration curve linear equations, and cannabinoid
concentration percentages were calculated as the dry weight of THC or CBD per 100 mg of

sample.

Statistical analysis

All statistical analyses were conducted in R (version 4.5.2). To compare end-of-season
cumulative injury from G. delineana compared to H. zea, a t-test was conducted. The Shapiro-
Wilk test was used to assess normality and although the data for both species’ injury counts were
not normally distributed, a t-test was still performed due to the high sample size (n = 114).

To determine whether there were differences in borer pest pressure across cultivars,
general linear mixed models were used to analyze G. delineana and H. zea injury count data. The
models compared the cumulative end-of-season larvae counts by cultivar. First, assumptions
were checked for a Poisson model using the DHARMa package, but the model did not meet
assumptions for both G. delineana and H. zea injury count data. Therefore, a negative binomial
model was used to fit the cumulative count datasets (Ime4 package). Both the G. delineana

model and the H. zea models had cumulative injury count as the response variable, and cultivar



12

and site as the predictor variables. The models included cultivar and site as fixed effects, as well
as a site by cultivar interaction. An ANOVA was used to see whether cultivar type had a strong
effect on the model (car package). A Tukey post-hoc pairwise comparison was used to determine
the differences in cumulative H. zea larvae injury across cultivar.

The relationship between G. delineana pest pressure and end-of-season biomass was
tested using Pearson and Spear correlations in R. Analyses were separately created for borer
injury counts from early in the season and the end-of-season to assess how the timing of G.
delineana infestation affected plant biomass. End-of-season larvae counts were from the last day
of sampling at each site: October 2, 2025 data for Arlington and Cottage Grove sites, and
October 8, 2025 data for the Milton site. We first used a linear mixed model to see how site and
cultivar affected biomass, with end-of-season whole plant dry biomass as the response variable,
and site and cultivar as fixed effects, followed by a site by cultivar interaction. Normality for the
biomass linear mixed model was assessed using the DHARMa package, and the data met the
assumptions. Because there was a significant site effect on G. delineana counts and biomass,
statistical analyses relied on linear trends within site. Linear trends within cultivars at each site
were also used to describe the data, since correlations within sites are estimating trends of
subsamples and not replicates. Pearson and Spear correlations were used to measure the strength
of the linear relationships, where 0 - 0.19 was interpreted as no correlation, 0.2 - 0.59 was
interpreted as a very weak correlation, 0.6 - 0.84 was interpreted as a weak correlation, and 0.85
- 1 was interpreted as a correlation present. Because of how the correlations were between two
observed and not controlled variables, and due to the low amount of observations, correlations
were interpreted conservatively (Schober et al., 2018). The interpretation was assigned to the

lowest Pearson or Spear correlation coefficient.
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To assess how G. delineana injury affected cannabinoids, linear trends were assessed
with Pearson and Spear correlations due to the strong site effect. Linear mixed models were used
to assess how site and cultivars affected CBD and THC concentrations, with site and cultivar as
fixed effects, followed by a site by cultivar interaction (Ime4 package). Normality for the CBD
and THC linear mixed models was assessed using the DHARMa package, and the data met the
assumptions. An ANOVA was used to assess site and cultivar effects on the models (car
package), and Tukey pairwise comparisons were used to assess differences in cannabinoids by
site (emmeans package). Because the feeding damage categories were completely divided by
site, and due to the significant site effect on CBD and THC, we then analyzed within-site linear
trends between feeding damage and cannabinoid concentrations with Pearson and Spear
correlations. Correlation coefficients were not used to analyze relationships within cultivar at

each site due to the low number of replicates.

Results

Seasonal phenology of hemp borers

Mean G. delineana cumulative injury per plant was higher compared to H. zea (t =-7.50,
df =226, p-value = 1.49¢-12), with an end-of-season mean (= SEM) cumulative injury per plant
0of 60.6 = 8.05, compared to 0.33 £ 0.10 for H. zea (Figure 2). No O. nubilalis injury or larvae
were observed at any of the sites throughout the entire season. Grapholita delineana was first

observed on July 3, and H. zea was first observed on July 10.
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Figure 2. Mean (£ SEM) cumulative Grapholita delineana and Helicoverpa zea injury per plant

for each biweekly sampling period from June 26, 2025 to Oct 2, 2025.

Floral hemp cultivar susceptibility to G. delineana and H. zea

There was no significant difference among hemp cultivars in the mean G. delineana
injury (X2 [3, N =114]=0.75, p = 0.86) (Figure 3). Numerically, Sweet Wife plants had the
lowest mean (= SEM) cumulative G. delineana injury per plant of 46.52 + 8.96, followed by
Super Wife at 57.79 + 14.30, Cherry Blossom at 66.86 = 16.19, and Cloud Berry at 71.71 £
22.74.

There was a significant effect of cultivar on the mean cumulative H. zea injury (X? [3, N
=114]=11.94, p =2.76e-05; Figure 3). Cloud Berry plants had more mean cumulative H. zea
injury per plant than Cherry Blossom plants (Z = -2.68, p = 0.037), while Sweet Wife and Super

Wife had an intermediate amount of H. zea injury. Site had a significant effect on both G.
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delineana injury (X? [2, N = 114] = 295.69, p < 2e-16) and H. zea injury (X?>[2, N =114] =

20.99, p = 2.76e-05; Figure 3).
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Figure 3. Mean (= SEM) cumulative injury by Grapholita delineana (A) and Helicoverpa zea
(B) per plant across four floral hemp cultivars: Sweet Wife, Super Wife, Cherry Blossom, and

Cloud Berry. Letters denote statistical significance (p<0.05).

Correlation between G. delineana injury and end-of-season plant biomass

Because the biomass of hemp plants was significantly influenced by site (X? =9.50, df =
2, p = 0.0086), and not by cultivar (X?> = 0.417, df = 3, p = 0.94) (Table 1), biomass data and
injury trends are reported per site. Early season G. delineana injury (July 10 to July 17, 2025)
only occurred at the Milton site, and there was no correlation between early season injury and
biomass at this site when all cultivars were combined (r = 0.19, R = 0.22) (Figure 4). Within

cultivars, biomass had no correlation with G. delineana injury in Cherry Blossom (r=0.12, R =
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0.1), Cloud Berry (r =-0.02, R = 0.15), and Super Wife (r =-0.12, R =-0.3), with a very weak
positive correlation in Sweet Wife (r = 0.53, R = 0.47) (Figure 5). No G. delineana were present
yet at that time of the season at the other two sites.

At the end of the season (Oct 2 to Oct 9, 2025), cumulative G. delineana injury had no
correlations to end-of-season biomass within site combining cultivars at Arlington (r = 0.02, R =
-0.08) and Cottage Grove (r = NA, R = NA), and a very weak positive correlation at Milton (r =
0.42, R = 0.34) (Figure 6). Within cultivars, there were some slight correlations between end-of-
season biomass and cumulative end-of-season G. delineana injury at two sites, with a very weak
negative correlation at the Arlington site for plants for Cloud Berry (r =-0.67, R =-0.57), and a
weak positive correlation at the Milton site for Cloud Berry (r = 0.61, R = 0.77) and Super Wife

(r = 0.84, R = 0.61) (Figure 7).
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Figure 4. Relationship between cumulative Grapholita delineana injury per plant collected in the
early season (July 10 to July 17, 2025) and plants’ dry biomass at the end of the season (Oct 16

to Oct 23, 2025). Colors denote site, and symbols denote cultivar.
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Figure 5. Relationship between cumulative Grapholita delineana injury per plant collected in the

early season (July 10 to July 17, 2025) and plants’ dry biomass at the end of the season (Oct 16

to Oct 23, 2025), per cultivar (Cherry Blossom, Cloud Berry, Super Wife, and Sweet Wife) at the

Milton site (Arlington and Cottage Grove sites not represented). Correlation denoted by Pearson

(r) and Spear (R) correlation coefficients.
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Figure 6. Relationship between cumulative Grapholita delineana injury per plant collected at the
end of the season (Oct 2 to Oct 9, 2025) and plants’ dry biomass at the end of the season (Oct 16

to Oct 23, 2025). Colors denote site, and symbols denote cultivar.
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Figure 7. Relationship between cumulative Grapholita delineana injury per plant collected at the
end of the season (Oct 2 to Oct 9, 2025) and plants’ dry biomass at the end of the season (Oct 16
to Oct 23, 2025), per cultivar (Cherry Blossom, Cloud Berry, Super Wife, and Sweet Wife) and
site (Arlington, Cottage Grove, and Milton). Correlation denoted by Pearson (r) and Spear (R)

correlation coefficients.
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Correlation between G. delineana injury and cannabinoid concentration in inflorescences

Cultivar did not have a significant effect on the CBD concentration in plant samples (X2
=6.15, df =3, p = 0.10) (Table 1). Concentration of CBD had a significant site effect (X* =
15.54, df =2, p = 0.0042), with plants having a mean (+ SEM) CBD concentration of 3.12% =+
0.33 at the Milton site, 3.97% + 0.10 at Cottage Grove, and 4.78% =+ 0.33 at Arlington. The
Milton site had plants with lower CBD concentrations compared to Arlington (df =6, p = 0.018).
The CBD concentrations at Cottage Grove did not differ from Arlington (df =6, p=0.21) or
Milton (df = 6, p = 0.19). Within site and generalizing across cultivars, there was no correlation
between G. delineana injury and the CBD concentration of hemp plants at Arlington (r = 0.00, R
=0.02) and Milton (r = 0.33, R = 0.15), but there was a very weak positive correlation at Cottage
Grove (r=0.37, R =0.39) (Figure 8).

Cultivar did not have an effect on THC concentration (X? = 0.34, df = 3, p = 0.95) (Table
1), while site had a strong effect on THC concentration (X? = 17.71, df = 2, p = 1.42¢-04). The
plants at the Milton site had a mean (+ SEM) THC concentration of 0.04% =+ 0.01, which is
lower than Cottage Grove (0.16% + 0.01, df = 6, p = 0.015) and Arlington (0.14% £ 0.01, df = 6,
p = 0.027). Generalizing across cultivars, there was no relationship between G. delineana injury
and THC concentration within site at Arlington (r =-0.01, R = 0.02), and very weak positive

correlations at Cottage Grove (r = 0.39, R = 0.39) and Milton (r = 0.32, R = 0.22) (Figure 9).
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Figure 8. Relationship between CBD concentration (%) by dry weight and cumulative G.
delineana injury of hemp plants at the end of the season (Oct 2 to Oct 9, 2025) across cultivars
(Cherry Blossom, Cloud Berry, Super Wife, and Sweet Wife) and site (Arlington, Cottage

Grove, and Milton).
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Figure 9. Relationship between THC concentration (%) by dry weight and cumulative G.
delineana injury of hemp plants at the end of the season (Oct 2 to Oct 9, 2025) across cultivars
(Cherry Blossom, Cloud Berry, Super Wife, and Sweet Wife) and site (Arlington, Cottage

Grove, and Milton).



Table 1. Mean (+SEM) cannabidiol (CBD) concentration by dry weight (%), mean (SEM)

delta-9-tetrahydrocannabinol (THC) concentration by dry weight (%), and mean (=SEM)

estimated end-of-season (Oct 16 to Oct 23, 2025) dry biomass (g) of plants in each cultivar

(Sweet Wife, Super Wife, Cherry Blossom, and Cloud Berry).

CBD Concentration THC Concentration Estimated Dry Biomass
(%) (%) (2

Sweet Wife 3.56 £0.51 0.11 £0.029 744 £72.3

Super Wife 3.53+0.16 0.11£0.022 668 +63.1
Cherry Blossom 4.19 £ 0.37 0.12+0.023 724 + 68.5

Cloud Berry 4.54 +0.34 0.12+0.016 681 +91.7
Cultivar Effect | X?>=6.15,p=0.10 X2=0.30,p=0.96 X2=0.41,p=0.94

Discussion

Overall, results from this study show significantly higher mean cumulative injury per

plant at the end of the season from G. delineana compared to H. zea, while no O. nubilalis were

observed at the sites throughout the season. Mean cumulative injury per plant from G. delineana

was not affected by cultivar. Cultivar had an effect on the mean cumulative injury per plant from

H. zea, with higher injury in Cloud Berry compared to Cherry Blossom. There was no clear

relationship between G. delineana larvae injury and end-of-season plant biomass for both the
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beginning of the season and at the end of the season. Grapholita delineana feeding injury did not
induce CBD and THC levels.

Plant injury by borer pests was dominated by G. delineana, followed by a much lower
abundance of H. zea, and no detection of O. nubilalis. These results contrast with a recent survey
that showed H. zea and O. nubilalis present more frequently than G. delineana on farms in the
North Central region (Munir et al., 2023). On the farms surveyed by Munir et al., G. delineana
could have had higher abundance than H. zea and O. nubilalis, since only frequency of presence
on farms was accounted for in the study. Annual variability in climatic conditions can also drive
variance in arthropod communities year to year (Kalyan & Ameta, 2017; Roy et al., 2024),
which could explain the difference in our findings. While not recorded, we also observed aphids
throughout the season causing minimal damage, and diamondback moths (Plutella xylostella) at
the end of the season that caused similar hemp flower injury to G. delineana and H. zea.

Our results showed that site had a significant effect on the abundance of both G.
delineana and H. zea. Site-level variability can dominate trends of arthropod community
composition (Horak, 2013), due to differences in factors such as management practices,
landscape composition, and microclimates. For instance, the site that had significantly more G.
delineana feeding injury compared to the two other sites appeared to have more volunteer hemp
plants growing nearby, which could have provided overwintering habitat for G. delineana
(McPartland et al., 2000). The surrounding landscape composition of sites could help explain the
differences observed in H. zea feeding. The site with the highest incidence of H. zea feeding
injury was adjacent to a corn field and in close proximity to several other corn fields maintained
for research at the Arlington Agricultural Research Station. Helicoverpa zea, a generalist

herbivore, can cause significant economic damage to sweet corn and dent corn predominantly,
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and is also a pest of field corn and vegetable crops (Bick et al., n.d.). Helicoverpa zea is often
found in hemp fields after corn has passed its silking period (Cranshaw et al., 2019), and we
observed larvae in the hemp plots within two weeks after the nearby cornfield was harvested.
Different cultivars can vary in traits such as plant defense compounds, morphology, or
maturation timing, which can influence their attractiveness or repellency to insect pests (Cosner
& Grant, 2024; Stack, Snyder, et al., 2023; War et al., 2012). Grapholita delineana did not
exhibit a cultivar preference for floral hemp, while H. zea showed a preference for Cloud Berry
over Cherry Blossom. Host preferences between cultivars could be explained by variance in
concentrations and composition of plant defense compounds (Mithofer & Boland, 2012; Stack,
Carlson, et al., 2023). The presence of CBD and THC in H. zea diet can cause a decrease in body
mass (Jackson et al., 2021), so the cannabinoid composition present as possible constitutive
defenses in some cultivars may drive avoidance. The flowering period of different C. sativa
cultivars was also shown to affect the amount of injury from H. zea, where early-flowering
cultivars experienced more damage than late-flowering cultivars (Cosner & Grant, 2024),
however, our late-flowering cultivars all had the same flowering times. Plant morphology has
also been shown to affect H. zea injury, with smaller, denser cultivars being associated with
more H. zea injury due to their high floral to vegetative growth ratio (Cosner & Grant, 2024).
Trichome morphology of cultivars could also drive H. zea feeding preference, as a study looking
at H. zea feeding on monkeyflower (Mimulus guttatus) found that plants with denser trichomes
had lower H. zea injury (Haber et al., 2018). The morphology or plant defense compounds of the
cultivars were likely driving the differences in H. zea feeding injury that we observed.
Investigating how G. delineana feeding intensity at different points in the season might

affect biomass, we did not find strong correlations between early season G. delineana feeding
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injury nor end-of-season G. delineana feeding injury and end-of-season plant biomass. Although
we observed G. delineana damage some plants’ main meristem in the early season (July 10 to
July 17, 2025) resulting in stunted plant growth, overall plants’ biomass seemed unaffected by
the amount of early season injury. Hemp has been shown to exhibit tolerance to other borer
pests, such as O. nubilalis, overcompensating growth in response to main stem injury (Small et
al., 2007). Plants damaged by O. nubilalis showed a decrease in plant height by 9%, but an
increase of 20% in mean shoot weight compared to plants without O. nubilalis feeding injury
(Small et al., 2007). In our study, we observed weak positive and very weak negative
correlations between late-season feeding injury and biomass within cultivar plots at different
sites. These inconsistent findings suggest that other factors that differ between our sites, like
fertility, soil moisture, and sun exposure, could be affecting the biomass that we observed.
Although G. delineana feeding injury had no clear effect on plant biomass, its feeding injury
could still affect the marketability of flowers, as we observed that most G. delineana that injured
plants in their reproductive growth stage damaged flowers. More investigation is needed to
quantify how G. delineana injury affects floral hemp yield across different end-product uses.
Grapholita delineana feeding did not seem to induce cannabinoid production in hemp
plants. There was no clear relationship between G. delineana feeding injury and THC or CBD
concentration in plants at the end of the season, regardless of cultivar. However, the Milton site
that had significantly higher G. delineana feeding injury, had plants with lower CBD
concentrations compared to the Arlington plants, and lower THC concentrations compared to
plants at the Arlington and Cottage Grove sites. While some studies have found that herbivory
decreases cannabinoid production in hemp (Park et al., 2022), others have shown the opposite

trend (Jackson et al., 2021; Kostanda & Khatib, 2022; MacWilliams et al., 2023). For example,
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feeding by a specialist pest to Solanaceae plants, Manduca sexta, can suppress cannabinoids in
hemp (Park et al., 2022). Conversely, generalist hemp pests H. zea and Tetranychus urticae, as
well as specialist hemp pest P. cannabis, can induce cannabinoids in hemp (Jackson et al., 2021;
Kostanda & Khatib, 2022; MacWilliams et al., 2023). Findings that insect herbivory can both
induce and suppress cannabinoids suggest that herbivory can affect cannabinoids differently,
likely depending on the specific plant-insect interaction observed. Factors like specialization,
morphology, and competition can all affect plant-insect interactions (Ali & Agrawal, 2012;
Kariftho-Betancourt, 2020; Lankau & Strauss, 2008). In the case of P. cannabis, herbivory was
associated with higher THC concentration, as well as an increase in the production of salicylic
acid, jasmonic acid, and abscisic acid, demonstrating that herbivores can trigger production of
hormones that can affect plant defense responses in hemp (MacWilliams et al., 2023). In one
example of plant defense suppression, Park et al. (2022) hypothesize that the regurgitant of
Solanaceae specialist M. sexta, which can trigger an increase in plant volatiles in tobacco plants
(Nicotiana attenuata) (War et al., 2012), reacts with cannabinoid synthesis pathways to
conversely suppress cannabinoids in hemp. It is possible that G. delineana, a specialist feeder on
hemp and also a chewing Lepidopteran, has similarly evolved to have a regurgitant that
suppresses plant defense compounds in C. sativa.

However, other factors associated with site, besides G. delineana feeding, could have had
an effect on cannabinoid concentrations. Although all three sites in this study were within the
same region of Wisconsin, receiving similar rainfall throughout the season, and had all having
silty loam soils (Web Soil Survey, n.d.), the sites did have different sun exposure, wind
exposure, plant spacing, and mulching practices that could have affected the cannabinoid

concentrations that we saw. Lower light intensity (Konvalina et al., 2024) and daylight hours
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(Cui et al., 2025) can lead to lower cannabinoid concentrations. The plants at the Milton site
were located near a treeline and had more shade compared to the other sites. The Milton site had
the most weed competition out of all sites, yet had lower THC and CBD concentrations,
however, weed competition was not reported to lower cannabinoid concentrations (Shikanai &
Gage, 2022; Haney & Kutscheid, 1973). Plants exposed to less wind stress have lower CBD
concentrations (Kay et al., 2025), though the treeline at the Milton site provided more wind
protection than at other sites. It is possible that the sites had different fertility, since fertility
practices were left to the discretion of the grower. The effects of fertilizer on cannabinoids is also
unclear, as more fertilizer has been found to decrease CBD and THC (Caplan et al., 2017), but
the effect of different fertilizers on CBD and THC abundance can change depending on year and
time of cannabinoid sampling in the season (Bruce et al., 2022). The possible differences in light
and fertility between sites make it difficult to determine whether the high intensity of G.
delineana feeding at the Milton site led to lower concentrations of CBD and THC.

Overall, we observed that G. delineana was the most prominent borer pest in South
Central Wisconsin during the 2025 growing season. Although the damage we observed from H.
zea was minimal, H. zea demonstrated cultivar preference for Cloud Berry compared to Cherry
Blossom. Overall, Grapholita delineana feeding did not seem to have an effect on end of season
plant biomass nor cannabinoid concentrations, suggesting that the cultivars studied can tolerate
G. delineana feeding without significant growth stunting and threats to pushing THC
concentrations past legal limits. More research is needed on the most abundant borer pest
observed here, G. delineana, to determine how much feeding injury impacts yield and how its
feeding interacts with cannabinoid production, in order to support resilience to challenges of

compliance and pest issues in the resurging hemp industry.
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Chapter 2: Grapholita delineana and Ostrinia nubilalis Herbivory Has No Effect on

Tetrahydrocannabinol and Cannabidiol Concentrations in Hemp

Abstract

Hemp (Cannabis sativa L.) produces over 100 cannabinoids, including cannabidiol
(CBD) and tetrahydrocannabinol (THC). Some cannabinoids contribute to both induced and
constitutive host plant resistance. This study investigates how common hemp borer pest feeding
from specialist herbivore Grapholita delineana (Lepidoptera: Tortricidae) and generalist
herbivore Ostrinia nubilalis (Lepidoptera: Crambidae) impacts CBD and THC content in hemp
plants. In lab feeding assays, larvae were placed on caged plants in densities of 5, 10, and 15
larvae per plant, along with control and mechanical damage treatments. The G. delineana
feeding assay was conducted on vegetative hemp plants, while the O. nubilalis assay was
conducted on flowering hemp plants. After 5 days, hemp samples were dried, ground, extracted
in methanol, and analyzed for CBD and THC concentrations via gas chromatography-mass
spectrometry (GC-MS). There were no treatment effects on CBD and THC content in hemp
plants for both G. delineana and O. nubilalis assays. The findings suggest that at feeding levels
up to 15 larvae, G. delineana and O. nubilalis do not induce or suppress CBD and THC in hemp

plants.
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Introduction

Plants have evolved biochemical mechanisms to minimize the effects of herbivory, where
secondary compounds are produced as a byproduct of photosynthesis, many of which protect the
plant from herbivory and disease. Hemp (Cannabis sativa L.) produces hundreds of secondary
compounds. Over 100 of hemp’s secondary compounds are phenol-aromatic terpenoids called
cannabinoids, which are widely distributed in vascular plants and act as toxins or deterrents to
herbivores (Karifiho-Betancourt, 2020). Cannabinoids can have adverse effects on insect fitness
and survival, exhibiting antibiosis. The cannabinoids cannabidiol (CBD) and
tetrahydrocannabinol (THC), when spiked in artificial diets, can cause a decrease in Helicoverpa
zea (Boddie) (Lepidoptera: Noctuidae) fitness (Jackson et al., 2021), while cannabidiolic acid
(CBDA) and cannabigerolic acid (CBGA) can reduce growth and survival of Trichoplusia ni
(Stack et al., 2023). These compounds exist constitutively in most cultivars, and can also be
induced in response to herbivory (Jackson et al., 2021; Stack et al., 2023). Insect pests that
induce THC in plants can pose a regulatory challenge for growers, since hemp is federally
classified as C. sativa with less than 0.3% THC by dry weight, while C. sativa with >0.3% THC
is classified as marijuana and federally illegal to produce (Rep. Conaway, 2018). Understanding
how insect pests upregulate or suppress cannabinoid production in hemp can inform management
decision by growers to remain compliant with federal law.

Arthropod pests may affect secondary compound signaling pathways differently,
depending on their diet breadth (Karifiho-Betancourt, 2020), although there are no clear patterns
of how specialists and generalists influence plant defenses (Ali & Agrawal, 2012). Some
generalists have adaptations to suppress plant defense compounds, allowing them to feed on a

wider breadth of plant species (Ali & Agrawal, 2012). For example, Helicoverpa zea excretes
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glucose oxidase while feeding, which suppresses the toxic compound nicotine that reduces H.
zea fitness (Eichenseer et al., 1999; Musser et al., 2002). Through co-evolution, specialists can
develop adaptations that allow them to feed on their host plant (Ali & Agrawal, 2012; Kariitho-
Betancourt, 2020), such as sequestering defense compounds or tolerating toxins at low levels
through digestive adaptations (Ali & Agrawal, 2012). Within a feeding guild, specialization does
not determine the effect of herbivory on plant defense responses (Agrawal, 2000; Poelman et al.,
2008). Therefore, many insect interactions with plant defense compounds are plant-herbivore
specific and dependent on multiple factors in addition to diet breadth, including competition and
morphology (Ali & Agrawal, 2012; Kariftho-Betancourt, 2020; Lankau & Strauss, 2008).

Both specialist and generalist herbivores have emerged as pests of hemp in the North
Central region (Cranshaw et al., 2019; Munir et al., 2023). It is not clear how the diet breadth of
hemp insect pests could impact how herbivory affects cannabinoid production. The specialist
herbivore Phorodon cannabis induces THC production in hemp (MacWilliams et al., 2023), and
so do the generalist herbivores H. zea and Tetranychus urticae (Jackson et al., 2021; Kostanda &
Khatib, 2022). Manduca sexta, a specialist herbivore to plants in the Solanaceae family, can
suppress cannabigerol (CBG), CBGA, and CBD in hemp (Park et al., 2022).

How plants regulate secondary metabolites in response to herbivory can change
depending on the growth stage of the plant (Quintero & Bowers, 2011). In hemp, other growing
conditions can have different effects on cannabinoids depending on plant maturity. For example,
the effect of fertilizer type on cannabinoids is different depending on time in the growing season
(Bruce et al., 2022). Therefore, it is possible that herbivory can affect cannabinoids in hemp

differently depending on the maturity of the plant.
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This study focuses on the specialist herbivore Grapholita delineana (Walker)
(Lepidoptera: Tortricidae) and the generalist herbivore Ostrinia nubilalis (Hiibner) (Lepidoptera:
Crambidae), two prominent hemp borer pests in the North Central region (Munir et al., 2023).
Here, via lab assays, we investigate 1) how different densities of G. delineana affect THC and
CBD concentrations in vegetative hemp plants and 2) how different densities of O. nubilalis
affect THC and CBD concentrations in flowering hemp plants. Understanding how pests interact
with plant defense mechanisms in hemp not only supports knowledge of hemp host plant

resistance, but also the effects of herbivory on the legality of hemp crops.

Methods

Plant source and setup

To assess how G. delineana and O. nubilalis herbivory affected THC and CBD
concentrations in hemp plants, we conducted two lab assays using plants started from seeds. In
both assays, all plant pots were placed within 60 cm by 120 cm rectangular thrips-proof cages
held up by bamboo sticks, sewn from LowCat™ Insect Netting (Neversink Tools, Cookeville,
TN, USA), placed in two walk-in growth chambers (Percival, Boone, IA, USA) (avg.
temperatures 22 and 24 °C, avg. relative humidities 64 % and 67%)).

For the G. delineana assay, seedlings were started from Super Wife hemp seed
(Trilogene, Longmont, CO) in cells filled with Premier Tech ProMix HP growing medium
(Premier Tech Ltd., international). Seedlings were kept in a greenhouse (18 - 24 °C; 16L:8D
photoperiod) and transplanted into 3.7 L pots filled with the same growing medium six weeks
after seeding. One week later, plants were put individually in cages and placed in a walk-in
growth chamber at the start of the assay. Plants were watered three times per week prior to the

assay, and twice during the assay with deionized water, to maintain moisture in the pots.
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For the O. nubilalis assay, Alpen Gleux (High Alpine Genetics, Glenwood Springs, CO,
USA) autoflower hemp seeds were started by seed in 8.82 L (25.4 x 25.4 x 22.9 cm) nursery pots
filled with Premier Tech ProMix HP growing medium (Premier Tech Ltd., international) in a
walk-in growth chamber. Plants were watered with deionized water to maintain moisture in the
pots twice per week for the first six weeks after seeding, then three times per week until the
assay began after nine weeks when plants reached maturity. Plants were fertilized with equal
amounts of All Purpose Plant Food (Miracle Gro, Marysville, OH, USA) at 0.8 g/L at four,
seven, and nine weeks after planting and watered with deionized water on the second and fourth

days of the assays.

Larvae source and assay setup

To determine how different densities of larvae affect the cannabinoid content of hemp
plants, five treatments were established on hemp plants for both the G. delineana and O.
nubilalis feeding assays: 1) control (no larva), 2) mechanical damage, 3) 5 larvae, 4) 10 larvae,
and 5) 15 larvae. Both assays ran for 5 days, after which plant samples were taken for
cannabinoid analyses.

Grapholita delineana larvae were sourced from hemp stalks presenting fusiform galls
indicative of G. delineana infestations from two locations in south-central Wisconsin. Stalks
were retrieved from a stand of volunteer hemp in a compost pile at the University of Wisconsin-
Madison Agricultural Research Station in Arlington, WI, USA on July 17, 2025 and July 22,
2025, and from volunteer hemp plants in a floral hemp field in Milton, WI, USA on July 17,
2025. Grapholita delineana larvae were kept inside collected hemp stalks in a Bug Dorm™ mesh
tent (MegaView Science Co., Ltd., Taiwan) in a Percival [-36LLVL growth chamber (Percival

Scientific Inc., Perry, IA, USA) at 24 °C at 14L:10D photoperiod until stalk dissection on July
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23, 2025. Hemp stalks were dissected using razor blades and gently cutting into the galls to
remove larvae. Larvae were then sorted into instars and only 1st through 4th instars were used in
the assay to prevent pupation from occurring during the assays.

For the G. delineana assay, four replicates were set up due to larval availability from the
field. Three replicates had first, second, third and fourth instars evenly distributed between the
herbivory treatments, and the fourth replicate just had third and fourth instar larvae for herbivory
treatments due to limited larvae supply. Larvae were gently placed on petioles and evenly
distributed across each plant. The mechanical damage treatment was applied by punching one
hole per leaf on the bottom five green leaves.

For the O. nubilalis assay, five replicates were set up on plants. Second instar mixed sex
O. nubilalis larvae were procured from Benzon Research (Benzon Research, Carlisle, PA, USA)
on October 7, 2025. Larvae were kept on Southland Products European corn borer artificial diet
until the start of the feeding assay (Southland Products, Lake Village, AR, USA) in a Percival I-
36LLVL growth chamber (Percival Scientific Inc., Perry, IA, USA) at 24 °C at 14L:10D for five
days, until they reached the third instar. On each plant, the mechanical damage treatment was
applied by cutting 1 cm off of the tip of ten randomly-selected inflorescences to simulate borer
feeding. The assigned number of larvae were placed on plants for each herbivory treatment,
distributing larvae on plant axils evenly throughout the plant. At the end of the assay, points of
injury (defoliation and frass extruding from stalks) were counted for each plant with a larvae

treatment, since visible damage and number of larvae weren’t always consistent.

Cannabinoid sample preparation

Once bioassays were terminated, the top 12 cm of the main growth point or central cola

of each plant were cut and processed for cannabinoid extraction. Plant samples were placed in a -
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20 °C freezer immediately after collecting for 60 hrs, then dried at 40 °C until constant weight in
a drying oven (Thelco, Englewood, CO, USA, Model 17). The plant material was then ground
finely with a mortar and pestle and run through a 2 mm sieve. Then, 100 mg of each sieved, dry
plant material was added to 30 mL of methanol (Sigma-Aldrich, St. Louis, MO, USA,
SupraSolv, 99%). Samples were homogenized in a 10 - 15 °C ultrasonic bath for 30 min (Fisher
Scientific, Hampton, NH, USA, CPXH 5.7 L), then centrifuged for 3 min at 6000 rpm at room
temperature (Eppendorf, Hamburg, Germany, 5810 R). For the G. delineana samples, 26 mL of
the supernatant were completely dried in a Rotovap (GeneVac Ltd., Ipswich, England, GeneVac
EZ-2 Plus) at 40 °C (Ahmed et al., 2021). Samples were then reconstituted in 2 mL methanol
(Sigma-Aldrich, St. Louis, MO, USA, SupraSolv, 99%). Because the O. nubilalis assay samples
came from inflorescences, they were assumed to have higher cannabinoid content, and therefore
were not concentrated in the Rotovap (Jackson et al., 2021). Ten mL of the supernatant was
recovered for each O. nubilalis assay sample. For both assays, tridecane was added as an internal
standard to each sample to reach a concentration of 20 ug/mL tridecane (Sigma-Aldrich, St.
Louis, MO, USA). Samples were stored in a -20 °C freezer until chemical analysis.
Cannabinoids were separated and measured using a gas chromatograph coupled to a mass
spectrometer (GC-MS) (Thermo Scientific, Waltham, MA, USA, Trace 1300 and ISQ QD). The
GC was equipped with a TG-5MS column, 30 m in length, 0.25 mm diameter, and 0.25 pm film
thickness (Thermo Scientific, Waltham, MA, USA). The GC was programmed with an oven
temperature start of 60 °C, ramping up 10 °C/min until reaching 300 °C, and held for 2 min, for a
total run time of 26 min. The GC front inlet temperature was set to 250 °C and helium carrier gas
flow set to a 1.20 mL/min constant. Splitless time was set to 1 min, with split flow at 10 mL/min.

Purge flow control was turned on at 3 mL/min. Gas saver flow was set to 15 mL/min for 2 min.
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The MS transfer line temperature was set to 280 °C. The MS ion source temperature was set to
230 °C and set to electron ionization (EI) mode. A 1uL aliquot of each sample, including
calibration curve standard solutions, was injected into the machine. Cannabinoid abundances
were analyzed using Chromeleon 7 (Thermo Scientific, Waltham, MA, USA). The CBD and
THC peaks of samples were identified by matching mass spectra and retention times to authentic
standards. Cannabidiol content was quantified using a calibration curve of 300, 240,180, 120,
and 60 pg/mL of CBD standard diluted in methanol (Restek, Bellefonte, PA, USA, Cannabidiol
Standard 1000pug/mL P&T Methanol). Similarly, THC content was quantified using a calibration
curve of 100, 80, 60, 40, and 20 pg/mL THC standard diluted in methanol (Restek, Bellafonte,
PA, USA, Tetrahydrocannabinol Standard 1000 pg/mL P&T Methanol). Cannabinoid peak areas
were converted to weights using standard calibration curve linear equations, and cannabinoid
concentration percentages were calculated as the dry weight of THC or CBD per 100 mg of

sample.

Statistical analysis

To determine if treatments had statistically different CBD and THC concentrations, linear
models were used in R (Ime4 package) (version 4.5.2). Data was assessed for normality using the
DHARMa package and met linear model assumptions. For each model, either the CBD or THC
concentrations (percent by dry weight) were used as the response variable, with treatment as the
fixed effect and independent variable. An ANOVA was used on the models to test whether

treatments had an effect on cannabinoid concentrations (ImerTest package).
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Results

Grapholita delineana assay

Neither mechanical damage nor G. delineana feeding had an effect on the cannabinoid
content of vegetative samples. There was no significant difference in plants’ CBD concentration
across the five treatments (F4, 15 = 1.868, p = 0.169) (Figure 1A) and no significant difference in

plants’ THC concentration across the five treatments (F4, 15 = 1.443, p = 0.268) (Figure 1B).
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Figure 1. Concentrations of (A) cannabidiol (CBD) and (B) delta-9 tetrahydrocannabinol (THC)
by dry weight in hemp vegetative samples across five treatments: no control, mechanical

damage, 5 G. delineana larvae, 10 G. delineana larvae, and 15 G. delineana larvae.
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Ostrinia nubilalis assay

There was no significant treatment effect on the CBD concentration (Fs,20 = 0.255, p =
0.903) and THC concentration (F4,20 = 0.672, p = 0.619) of inflorescence samples (Figure 2). In
the treatment with 5 O. nubilalis larvae per plant, there was a mean injury count (= SEM) of 2.8
+ 0.58, plants with 10 larvae had a mean injury count of 4.0 + 0.32, and plants with 15 larvae had

a mean injury count of 5.4 + 0.51.
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Figure 2. Concentrations of cannabidiol (CBD) (A) and delta-9 tetrahydrocannabinol (THC) (B)
by dry weight in hemp plant vegetative samples across five treatments: no control, mechanical

damage, 5 O. nubilalis larvae, 10 O. nubilalis larvae, and 15 O. nubilalis larvae.

Discussion

In this study, we did not find evidence of induction or suppression of cannabinoids due to

G. delineana and O. nubilalis feeding. With G. delineana, there was no effect of mechanical
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damage nor larval feeding at any larval density on CBD and THC concentration of vegetative
hemp samples. With O. nubilalis, there was no effect of mechanical damage nor larvae feeding at
any larval density on CBD and THC concentration of mature hemp inflorescence samples.

We found no significant effect of G. delineana feeding on THC and CBD concentrations
even with up to 15 larvae per plant. We also found no significant effect of O. nubilalis feeding
on THC and CBD concentrations with up to the 15 larvae density per plant. Although not
significant, the THC concentrations in the O. nubilalis assay were numerically lower in the
mechanical damage and larvae treatments compared to control. In contrast, the mean CBD
concentrations in the O. nubilalis assay were similar across all treatments, including control.
Because both mechanical damage and larvae treatments had numerically lower THC, the results
suggest that the plant is not producing less THC in reaction to O. nubilalis feeding specifically,
but perhaps the stress of damage caused by both mechanical and larval damage. The G.
delineana assay had numerically higher concentrations of CBD and THC in the mechanical
damage and larvae treatments compared to the control, suggesting that the plant could be
inducing cannabinoids due to the injury that both mechanical damage and larval damage from G.
delineana. Because the two assays had different mechanical damage (G. delineana with hole
punched leaves, and O. nubilalis with snipped inflorescences), different maturity, and different
cultivars, it is possible that these trends in numerical differences were specific to these factors.

In the G. delineana assay, THC and CBD were present at lower levels in the vegetative
plant samples compared to the mature inflorescence samples. It is possible that cannabinoids
could have a different response to herbivory in its reproductive state, when cannabinoids
accumulate at higher levels in inflorescences as plants reach maturity (Hammami et al., 2021).

The ability of a plant to induce defense compounds in response to herbivory can change with age
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(Quintero & Bowers, 2011). Growth condition factors can have differing influences on
cannabinoids depending on hemp growth stage. For instance, fertilizer type has different effects
on cannabinoids in hemp depending on the time in the growing season (Bruce et al., 2022).
Therefore, testing how herbivory affects cannabinoids during the reproductive flowering stage
could show a different effect.

Other studies looking at Lepidopteran larvae feeding effects on cannabinoids in hemp
used higher densities of larvae in their experiments, using 25 H. zea larvae (Jackson et al., 2021)
and 20 M. sexta larvae (Park et al., 2022), finding significant effects on cannabinoids at those
densities. In a concurrent field study, G. delineana feeding injury reached upward of 600 injury
counts on a single hemp plant, with a mean of 60.6 = 8.05 injury counts per plant throughout the
season (Chapter 1). Plants assessed with high densities of larvae (80 - 125 injury counts) were
sampled for cannabinoid analysis and showed lower concentrations of CBD compared to plants
with moderate densities (9 - 40 injury counts), and lower THC concentrations compared to plants
with moderate and no densities (0 injury counts) (Chapter 1). However, because larvae injury
and cannabinoid concentrations had a significant site effect, it is unclear whether these results are
due to other site conditions, like fertility and light. Therefore, future studies should test the
effects of high G. delineana densities on THC and CBD in a lab assay setting to control for
environmental factors. Lab assays testing higher densities of G. delineana and O. nubilalis could
show a clearer pattern of the trends observed.

Feeding by other specialist and generalist hemp herbivores have been found to suppress
and induce cannabinoids in hemp, although the patterns of how specialization affects plant
defenses are unclear. Feeding by the generalist species H. zea and T. urticae, as well as the

specialist hemp pest P. cannabis, can induce cannabinoids in hemp (Jackson et al., 2021;
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Kostanda & Khatib, 2022; MacWilliams et al., 2023). In contrast, feeding by a specialist pest to
Solanaceae plants, M. sexta, can suppress cannabinoids in hemp (Park et al., 2022). Here, we
found no effect of both specialist G. delineana and generalist O. nubilalis herbivory on CBD and
THC concentration. Similarly, P. cannabis feeding did not have an effect on cannabinoids,
however it triggered the release of farnesene plant volatiles, a type of chemical that aphids also
release as an alarm signal (Jaramillo-Gonzalez, 2026). Future studies should address the effect of
G. delineana and O. nubilalis on plant volatiles.

As a specialist herbivore, G. delineana could have evolutionary adaptations to plant
defense compounds. Some insect species are able to sequester cannabinoids as a defense
mechanism, including Arctia caja and Zonocerus elegans, which are generalist herbivores that
prefer to feed on plants high in defense compounds (Rothschild et al., 1977). Specialist
herbivores can be sequestering, or tolerant of toxins at low levels, allowing them to feed
consistently on a plant with constitutive plant defense compounds (Ali & Agrawal, 2012). If G.
delineana is tolerant of THC and CBD, it would thus not be advantageous for the plant to induce
those compounds. The results of this study are inconclusive whether G. delineana induces
cannabinoids, so it is still possible that their feeding suppresses cannabinoids (Chapter 1), or that
feeding has no effect on cannabinoids. As a generalist herbivore, O. nubilalis could be more
sensitive to cannabinoids compared to a specialist like G. delineana. It would thus be
advantageous for O. nubilalis to suppress cannabinoids, and it would be advantageous for the
hemp plant to induce cannabinoids. However, other factors besides specialization like
morphology, feeding guild, and competition can shape how herbivores affect plant defense
compounds, making their effects largely plant-herbivore specific (Ali & Agrawal, 2012;

Karifiho-Betancourt, 2020; Lankau & Strauss, 2008). Therefore, multiple factors other than just
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specialization could be driving the relationship between O. nubilalis and G. delineana tfeeding
and cannabinoid concentrations observed in this study.

Overall, we observed that G. delineana and O. nubilalis herbivory had no effect on THC
and CBD concentrations in hemp plants. These results suggest that G. delineana and O. nubilalis
pest infestations, at levels up to 15 larvae per plant, do not change cannabinoid yield nor do they

pose a threat to the legality of the crop through inducing THC past 0.3%.
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