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Evaluation of host plant
resistance to Alfalfa
mosaic virus in peppers in
greenhouse and field
Lara M. Amiri-Kazaz*, Punya Nachappa
and Adrianna Szczepaniec

Department of Agricultural Biology, Colorado State University, Fort Collins, CO, United States
Alfalfa mosaic virus (Bromoviridae: Alfamovirus) (AMV) is an emerging pathogen of

peppers (Capsicum spp. L.) in Colorado that has caused significant yield losses. The

virus is transmitted non-persistently by aphids, and few management options are

available to suppress the virus. Thus, the goal of this work was to evaluate the

effectiveness of host plant resistance against AMV. We evaluated 20 commercially

available pepper cultivars for resistance to AMV in the greenhouse and validated

resistance in a subset of these under field conditions on commercial farms in

Pueblo, CO. Virus infection was assessed by quantifying symptom severity and

measuring incidence of AMV symptoms and disease incidence through ELISAs. We

found in the greenhouse that 20% of cultivars were asymptomatic to AMV despite

being infected. Additionally, 10% of cultivars displayed symptoms but never tested

positive for the virus. Field trials on commercial farms revealed that half of the tested

cultivars (‘Bayonet’, ‘Masivo’, ‘Mosco’, and ‘Revolution’) maintained low symptom

severity and infection incidence throughout the season. Cultivar responses were

consistent between greenhouse and field settings, and temporal changes in

susceptibility were also observed in two cultivars (‘Masivo’ and ‘Lumbre’). Our

findings identify several pepper cultivars with resistance to AMV that could be

integrated into pestmanagement programs. These results also provide a foundation

for future research aimed at breeding AMV-resistant peppers and developing

comprehensive management strategies for this emerging viral disease.
KEYWORDS

Bromoviridae, AMV, tolerance, disease management, host plant resistance, integrated
pest management
1 Introduction

In 2019, Alfalfa mosaic virus (Bromoviridae: Alfamovirus) (AMV) was documented for

the first time in peppers (Capsicum spp. L.) in Colorado (Amiri-Kazaz et al., 2025). Since

then, it has contributed to significant yield losses, threatening yield and profitability

(Amiri-Kazaz et al., 2025). Symptoms of AMV in peppers present as vein deformities, leaf
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curling, and mosaic chlorosis and necrosis of leaves, leading to

reduced photosynthetic capacity (Burgmans et al., 1986; Trucco

et al., 2022). It can also cause blotchiness and deformities of fruit,

making them unmarketable (Burgmans et al., 1986; Kenyon et al.,

2014). Alfalfa mosaic virus is transmitted by aphids (Hemiptera:

Aphididae), and there are over 25 species confirmed as vectors

(Kenyon et al., 2014; Trucco et al., 2022). It can also be transmitted

through seed in many crops, including pepper (Šutič, 1959), alfalfa

(Medicago sativa L.) (Frosheiser, 1973; Hemmati and McLean,

1977), chickpea (Cicer arietinum L.), and lentil (Lens culinaris

Medik. subsp. Culinaris) (Jones and Coutts, 1996; Latham et al.,

2004). With a broad host range of over 600 species, AMV is one of

the most important crop viruses worldwide (Trucco et al., 2022).

The virus’s widespread impact is largely due to its transmission

by aphids in a non-persistent manner, enabling quick and efficient

spread among plants (Kenyon et al., 2014). Non-persistently

transmitted viruses are retained only on the insect mouthpart and

parts of the foregut (Ng and Perry, 2004). Vectors of non-

persistently transmitted viruses typically take seconds to minutes

to transmit the virus from an infected host to an uninfected host

(Watson and Roberts, 1939). Thus, viruses transmitted non-

persistently do not require habitual feeding for transmission to

occur (Perring et al., 1999). Most often, non-persistently

transmitted viruses are spread by non-colonizing aphids that

probe hosts with their mouthparts as they transiently move

through fields (Perring et al., 1999). Peppers in Colorado are an

example of this, as aphids are rarely found on peppers in fields with

severe incidence and symptoms of AMV. Management of AMV,

especially when the vectors are rarely found in the field, poses a

unique challenge for Colorado pepper farmers.

Mitigation of infection and subsequent yield losses through

cultural controls act as a first line of defense against many

pathogens (Stout, 2014). Host plant resistance is a promising

cultural management tactic for farmers as it offers a cost-effective

and sustainable approach to minimizing the impact of AMV on

pepper production (Stout, 2014). Resistance of a plant to a pathogen

depends on the response (or lack thereof) within the plant (Ausubel

et al., 1995). Plants are considered resistant to pathogens when they

limit pathogen multiplication and thus reduce the effect of infection

on their fitness (Pagán and Garcıá-Arenal, 2018). They can also be

tolerant of pathogens, whereby the host reduces the effects of infection

regardless of the level of pathogen multiplication (Pagán and Garcıá-

Arenal, 2018). Plants can also be susceptible to a pathogen, whereby

the pathogen and plant are compatible, and infection occurs (Walling,

2009). Investigating resistance amongst pepper cultivars can provide

producers with a valuable disease management tool (Stout, 2014).

Moreover, host plant resistance is a tactic that is compatible with

other methods of management, reinforcing its importance in an

integrated pest management program (Stout, 2014).

Host plant resistance has been employed as a tool against viral

plant pathogens in several cropping systems. Host plant resistance

has been successfully used for the suppression of Bean yellow mosaic

virus (Potyviridae: Patatavirales) in peas (Pisum sativum L.) (Van

Leur et al., 2013) and Chile leaf curl virus (Geplafuvirales:

Geminiviridae) in several chile pepper cultivars (Thakur et al.,
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2019). Host plant resistance is also a powerful tactic against

vectors of viruses. Lower infection rates of Tomato chlorosis virus

(Martellivirales: Closteroviridae) were observed in tomato (Solanum

lycopersicum L.) cultivars that are resistant to the virus vector,

Bemisia tabaci (Hemiptera: Aleyrodidae) (Fortes et al., 2020).

Genomic studies have also revealed specific genes that provide

resistance against certain pathogens. Boyd et al. (2013) found XA21,

a resistant gene to the rice blight pathogen, Xanthomonas oryzae pv.

oryzae (Xanthomonadales: Xanthomonadaceae), by recognizing the

corresponding avirulence gene AX21. AX21 has been observed in

multiple Xanthomonas species including those of economically

important crops such as soybeans (Glycine max L.) and citrus

(Citrus spp. L.). As research on host plant resistance advances,

new insights into plant immunity and pathogen biology will be

available for the protection of crops.

Since the discovery of AMV in 2019, Colorado pepper farmers

have been left with negligible management tools for improving

yields. Discovering resistant and/or tolerant pepper cultivars to

AMV is a crucial first step in disease management. By investigating

host plant resistance, we can provide farmers with an inexpensive

and environmentally friendly tool to improve yields. Moreover,

testing cultivars in the field will evaluate host plant resistance in an

applied setting and confirm its robustness as a management tactic.

Thus, our objectives were to phenotype peppers cultivars for

resistance to AMV in the greenhouse and to validate greenhouse

results in the field. The research presented here could provide

farmers with a long-term solution for increased yields while

contributing to more sustainable farming practices.
2 Materials and methods

2.1 Plant cultivation and virus colony
maintenance

All plants used in the greenhouse experiments were grown from

seed at the Colorado State University Insectary in Fort Collins,

Colorado. Peppers were sown into 128-cell plug trays and each cell

received one pearl of Osmocote® Plus 15:9:12 N-P-K slow-release

fertilizer. Plug trays were kept in metal trays in a growth chamber

for germination and bottom-watered ad libitum. Once seeds began

to germinate, trays were fertilized with liquid fertilizer once a week

(JR Peters Inc., 15-16–17 Peat Lite, Allentown, PA, USA). Some

cultivars had low germination in both experimental blocks and

thus, those cultivars had lower replications than others. Due to the

number of cultivars tested and space available, the highest

replication of cultivars was 10 plants. When plants developed four

true leaves, two to ten plants for each cultivar were transplanted into

four-inch pots and kept in mesh cages (75 x 75 x 115 cm with an

aperture of 680 μm mesh; MegaView Science Co. Ltd. Taichung,

Taiwan) on greenhouse benches.

To maintain a virus colony for inoculations, pepper plants

displaying AMV symptoms were collected from the Colorado State

University Arkansas Valley Research Station in Rocky Ford,

Colorado on 8 September 2023. Leaves of symptomatic plants were
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used to inoculate a commercially available cultivar of chile peppers,

‘Joe Parker’, that is highly susceptible to AMV (Janecek, 2023). Once

symptoms appeared, PCR was used to confirm AMV presence in

each plant. Total RNA was extracted from symptomatic leaf tissues

using the RNeasy Plus Mini kit (Qiagen Inc., Valencia, CA, USA)

following the manufacturer’s instructions. RNA quantity and quality

were assessed using a Nanodrop One spectrophotometer

(ThermoFisher Scientific, Waltham, MA, USA) and a Qubit 3.0

fluorometer (ThermoFisher Scientific). DNA contamination was

removed from the RNA using the TURBO DNA-Free kit

(Invitrogen, Waltham, MA, USA) in 15 ml reactions following the

manufacturer’s instructions. Following DNAse treatment and

quantification, one mg of total RNA was used to synthesize cDNA

using Verso cDNA synthesis kit (ThermoFisher Scientific) according

to manufacturer’s instructions. The RT-PCR was performed using

DreamTaq Green PCR Master Mix (2X) (ThermoFisher Scientific)

with primers specific for a region of AMV coat protein (CP) -CP (5’-

A T C A T G AG T T C T T C A C A A A AGA A - 3 ’ a n d 5 ’ -

TCAATGACGATCAAGATCGTC-3’) (Xu and Nie 2006). The
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amplification cycle consisted of 2 min at 95 °C, 35 cycles of 30 sec

at 95 °C, 30 sec at 58 °C and 1 min at 72 °C followed by 5 min at 72 °

C. The PCR products (669 bp) were visualized on a 1% agarose gel.

The sequences of each PCR product showed 99% identity to Aq

isolate of AMV-CP (GenBank accession JX112758). These plants

were maintained in the greenhouse and used for all further

inoculations of both experimental and additional colony plants.
2.2 Greenhouse experiment

The experiment was conducted in two sequential time blocks

from April to July 2024. Seeds of twenty different pepper cultivars

(Table 1) were sown and maintained as described above.

Mechanical inoculations consisted of harvesting highly

symptomatic leaves from an infected pepper plant from the AMV

virus colony and grinding them into a paste using a sodium

phosphate buffer (0.1M Na3PO4, pH 7.2-7.4). For each gram of

leaf tissue, 1 mL of buffer was used. For the plants that were to be
TABLE 1 Pepper cultivars, their species, pepper type, and the location tested for both greenhouse and field experiments.

Cultivar Species Type Open-pollinated or hybrid Test location

‘Aristotle’ Capsicum annuum Bell Hybrid Greenhouse

‘Bayonet’ Capsicum annuum Bell Hybrid Field

‘Big Jim’ Capsicum annuum Chile – Anaheim Open-pollinated Field

‘Bhutan Pepper’ Capsicum annuum Chile Open-pollinated Greenhouse

‘California Wonder’ Capsicum annuum Bell Open-pollinated Greenhouse, field

‘Charger’ Capsicum annuum Chile – Anaheim Hybrid Greenhouse

‘Cherry Pick’ Capsicum annuum Chile – Cherry Hybrid Greenhouse

‘Desperado’ Capsicum annuum Chile – Anaheim Hybrid Greenhouse

‘Early Jalapeño’ Capsicum annuum Chile – Jalapeño Open-pollinated Greenhouse

‘Giant Marconi’ Capsicum annuum Sweet Open-pollinated Greenhouse

‘Habañero’ Capsicum chinense Chile Open-pollinated Greenhouse

‘Jedi’ Capsicum annuum Chile – Jalapeño Hybrid Greenhouse

‘Joe Parker’ Capsicum annuum Chile – Anaheim Open-pollinated Greenhouse, field

‘Lumbre’ Capsicum annuum Chile Open-pollinated Field

‘Mammoth’ Capsicum annuum Chile – Jalapeño Hybrid Greenhouse

‘Masivo’ Capsicum annuum Chile – Poblano Hybrid Greenhouse, field

‘Mira Sol’ Capsicum annuum Chile – Heirloom Open-pollinated Greenhouse

‘Mosco’ Capsicum annuum Chile Open-pollinated Greenhouse, field

‘Nassau’ Capsicum annuum Cubanelle Hybrid Greenhouse

‘Pueblo Primrose’ Capsicum annuum Ornamental Open-pollinated Greenhouse

‘Revolution’ Capsicum annuum Bell Hybrid Field

‘Sweet Cherry’ Capsicum annuum Chile – cherry Open-pollinated Greenhouse

‘Tobasco’ Capsicum frutescens Chile Open-pollinated Greenhouse

‘Yellow Bardo’ Capsicum annuum Sweet Hybrid Greenhouse
frontiersin.org

https://doi.org/10.3389/fagro.2025.1679604
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Amiri-Kazaz et al. 10.3389/fagro.2025.1679604
inoculated, carborundum was dusted onto two leaves using a

paintbrush. The paste was then rubbed onto both leaves for 12–

15 s per leaf. Plants were inoculated once between the four and six

true leaf stages.

After inoculations, plants were maintained in mesh cages on the

greenhouse bench in a complete randomized design. Pots were only

labeled with a number that corresponded to the cultivar to maintain

randomization of cultivars within the cages. Each cage can hold 16

pots, and 14–16 pots were randomly placed within cages depending

on the total number of pots for each experimental block. Plants

were watered ad libitum and fertilized once a week with liquid

fertilizer (JR Peters Inc., 15-16–17 Peat Lite, Allentown, PA, USA).

Three to four weeks after inoculation, symptom severity of AMV

was recorded as the number of leaves with symptoms divided by

total number of leaves per plant. Additionally, one leaf per plant was

collected on the same day. To keep sampling consistent, the

youngest fully developed leaf was chosen for collection. Leaf

tissue was collected in 2.0 mL centrifuge tubes and kept in a -80 °

C freezer until processed with enzyme-linked immunosorbent

assays (ELISA). Agdia® AMV ELISA protocol and Agdia®

Compound-ELISA reagent and buffer sets were used to process

and test for the presence of AMV. A 96-well plate was used for each

assay and consisted of two samples per collected leaf. Using an

ELx800 Universal Microplate Reader (Agilent technologies Inc,

Santa Clara, CA, USA) at 450 nm, plates were assessed for optical

density (OD) values. Plants were considered positive for AMV if the

average OD value of their two samples was over double the average

of the negative control. Negative and positive ELISA outcomes were

recorded as 0 and 1 for disease incidence, respectively.
2.3 Field experiment

The field experiment was conducted from June to August 2024

on two commercial pepper farms owned and operated by DiSanti

Farms, in Pueblo, Colorado: Farm 1 (38°13’12.3”N 104°27’35.8”W)

and Farm 2 (38°14’10.3”N 104°27’34.0”W). Farm 1 (11 ha)

cultivated peppers in addition to other vegetables, including

tomatoes and squash, whereas Farm 2 (7 ha) only grew peppers.

Both farms were irrigated using furrow irrigation. The farms were

located less than one mile apart, and both farms were adjacent to

alfalfa fields. Each farm was treated as a block.

Pepper cultivars ‘Joe Parker’, ‘Masivo’, ‘Bayonet’, ‘Revolution’,

and ‘California Wonder’ were produced on Farm 1 and cultivars

‘Joe Parker’, ‘Big Jim’, ‘Lumbre’, and ‘Mosco’ were produced on

Farm 2. As the field experiment was conducted on commercial

farms, we were unable to choose the cultivars planted. However,

four cultivars, namely ‘Joe Parker’, ‘California Wonder’, ‘Masivo’

and ‘Mosco’, were the same cultivars tested in the greenhouse

experiments described above (Table 1).

All peppers except for ‘Bayonet’ and ‘Revolution’ were direct

seeded on 8 April 2024. Seed costs of ‘Bayonet’ and ‘Revolution’ were

significantly greater than all the other cultivars and thus were seeded

in the greenhouse and transplanted into the field on 13 and 14 May

2024. Each cultivar was sampled within an area of 60 meters across
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rows. The number of rows was different for each cultivar, ranging

from 18 to 108; however, the first and last three rows for each cultivar

were excluded from sampling. Each of these areas was divided into

three plots (replicates) measuring 20 meters from edge to edge with a

15-meter buffer in between. Five plants from each section were

randomly sampled, resulting in fifteen plants from each cultivar.

Data were collected twice throughout the growing season to explore

if symptom severity and disease incidence change over time. Data

collection took place on 25 June 2024 when plants had reached just

about 30 cm in height, and 24 July 2024 when plants were 45–60 cm

in height. At the time of the first collection date, plants were still in

their vegetative stage and by the second sampling date, most were in

their bolting stage (transition) with only a few plants flowering.

Symptom severity (estimated percentage of leaves showing AMV

symptoms) and incidence of AMV symptoms (0 for no symptoms

and 1 for symptoms) were recorded for each plant. Additionally, a

leaf from each plant was harvested and collected in a 2.0 mL

centrifuge tube. Tubes were kept on ice during transportation

from Pueblo to Fort Collins where they were placed in a -80 °C

freezer. Leaf tissue collected at both time points was used to evaluate

the presence or absence of AMV through ELISA tests using the same

Agdia® AMV ELISA protocol and Agdia® Compound-ELISA

reagent and buffer kits mentioned earlier.
2.4 Statistical analyses

Statistical analyses were conducted using RStudio Version

2024.12.0 + 467. For symptom severity assessed in greenhouse

experiments and field trials, data did not meet the assumptions of

ANOVA and thus, were non-parametric. We used the Scheirer-

Ray-Hare test, a non-parametric alternative to a two-way ANOVA

via the “rcompanion” package (Sokal and Rohlf, 1995) to assess if

the interaction between block and treatment was significant. For

incidence of AMV symptoms and disease incidence in both the

greenhouse and field, data were binomial. Thus, we fit and

compared two generalized linear models (GLMs).

For symptom severity in the greenhouse, we found that the

interaction was not significant and combined both blocks to run a

single Kruskal-Wallis test for symptom severity. For incidence of

AMV symptoms and disease incidence, we fit and compared two

generalized linear models (GLMs): an interaction model

(cultivar*block) and an additive model (cultivar+block) for each

parameter. We found no significant interaction and combined both

blocks to run a single GLM for incidence of AMV symptoms and

disease incidence, respectively.

Statistical analysis comparing symptom severity in the field

included testing the interaction between cultivar and farm (i.e.,

block) using the Scheirer-Ray-Hare test and found that it was not

significant. We then used the Scheirer-Ray-Hare test to test the

interaction between cultivar and sampling date. Where the

interactions were not significant, we combined the data for both

blocks (i.e., farms) and used Kruskal-Wallis tests to individually test

the effect of cultivar and sampling date on symptom severity. For

incidence of AMV symptoms, we compared a GLM with an
frontiersin.org
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interaction effect between cultivar and sampling date

(cultivar*sampling date) to a GLM with an additive effect between

cultivar and sampling date (cultivar+sampling date). We found no

significant interaction between the models and thus used the

additive model to analyze the effect of cultivar on incidence of

AMV symptoms across farms (i.e., blocks) and sampling date. We

ran a similar analysis for disease incidence and found that there was

a significant difference between the interaction and the additive

model. Thus, we analyzed positive outcomes by sampling date,

running separate models for each.
2.5 Criteria for tolerance and resistance
classification

To create a criterion for which cultivars we deem tolerant versus

resistant in our experiments, we used Cooper and Jones’ (1983) and

Jeger’s (2023) definitions to guide our classifications. Cultivars that

showed moderate to high levels of infection but maintained low

symptom severity were classified as tolerant, while cultivars that

experienced low or no disease incidence were classified as resistant.
3 Results

3.1 Greenhouse experiment

We found no significant interactive effect of cultivar and time

block on the severity of AMV symptoms (Sheirer Ray Hare, df = 19,

H = 9.23, p = 0.969), thus we combined both blocks. We found that

cultivar had a significant effect on AMV symptom severity

(Kruskal-Wallis c² = 38.83, df = 19, P = 0.005; Figure 1A). ‘Joe

Parker’ was the most symptomatic cultivar, with an average of 37%

of leaves on each plant showing symptoms of the disease. All other

cultivars that had AMV symptoms did not surpass an average of

20% of leaves affected by the virus. Cultivars ‘Desperado’, ‘Masivo’,

‘Miral Sol ’ , and ‘Habañero ’ did not show any AMV

symptoms (Figure 1A).

The incidence of AMV symptoms in the greenhouse was

evaluated using a generalized linear model (GLM) to examine the

effect of cultivar and block on the presence of symptoms. We found

no significant effect of the interaction between cultivar and block

(likelihood ratio c² = 15.28, df = 19, p = 0.704) on incidence of

AMV symptoms and thus combined both blocks for analysis. We

found that cultivar had significant effects on the incidence of AMV

symptoms (likelihood ratio c² = 42.96, df = 19, p = 0.001)

(Figure 1B). Cultivars ‘Joe Parker’ and ‘Jedi’ had the highest

proportion of plants showing AMV symptoms with 64.3% and

55.6%, respectively (Figure 1B). Similarly, the interaction between

cultivar and block did not have a significant effect on disease

incidence (likelihood ratio c² = 18.91, df = 19, p = 0.463) and

both blocks were combined for analysis. We found that the cultivar

again had a significant effect on disease incidence (likelihood ratio

c² = 30.87, df = 19, p = 0.042) (Figure 1C). The cultivar with the

highest proportion of plants testing positive for AMV was ‘Joe
Frontiers in Agronomy 05
Parker’, consistent with the severity and incidence of AMV

symptoms (Figure 1). Based on ELISA results, ‘Joe Parker’ had an

infection rate of 57% while no other cultivars exceeded 40%. Only

two cultivars, ‘Giant Marconi’ and ‘Pueblo Primrose’ did not test

positive for AMV, while exhibiting AMV symptoms (Figure 1).
3.2 Field experiment

We found significant differences in AMV symptom severity and

incidence among cultivars grown on commercial pepper farms. A

Scheirer-Ray-Hare test was performed to assess the effects of

cultivar, farm, and their interaction on AMV symptom severity of

peppers. The interaction between cultivar and farm (i.e., block) was

not significant (Scheirer Ray Hare, df = 261, H = 172.45, p = 0.999),

thus we combined the data from both farms (i.e., blocks). We then

performed an additional Scheirer-Ray-Hare test to assess the effects

of cultivar, sampling date, and their interaction on AMV symptom

severity. We again found no significant interaction (Scheirer-Ray-

Hare, df = 7, H = 11.35, p = 0.124), indicating that the overall

changes in symptom severity for each cultivar were consistent over

time. We used Kruskal-Wallis tests to individually analyze the

effects of cultivar and sampling date on AMV symptom severity.

We found that cultivar had a significant effect on AMV symptom

severity (Kruskal-Wallis c² = 93.34, df = 7, p-value < 0.001) as did

sampling date (Kruskal-Wallis c² = 15.28, df = 1, p-value < 0.001).

Specifically, plants sampled later in the season had higher symptom

severity compared to plants sampled earlier (Wilcoxon rank-sum,

W = 6668, p < 0.001; Figure 2). After performing Bonferroni

correction, we found that two cultivars, ‘Joe Parker’ (adjusted p-

value < 0.001) and ‘Big Jim’ (adjusted p-value = 0.002) had

significant increases in symptom severity between sampling dates.

A generalized linear model (GLM) was used to evaluate the

incidence of AMV symptoms and disease incidence across cultivars

on commercial pepper farms throughout the growing season. For

both measurements, we first fitted and compared an interaction

model and additive model between cultivar and month, with farm

(i.e., block) as an additive effect. For the incidence of AMV

symptoms, we found no significant interaction between the

models (DDeviance = 11.88, Ddf = 7, p = 0.105). Thus, we used

the additive model to assess the individual contribution of each

factor to AMV symptom incidence. Cultivar had a significant effect

on the incidence of AMV symptoms (likelihood ratio c² = 34.66, df

= 7, p < 0.001; Figure 3A), whereas sampling date did not

(likelihood ratio c² = 0.42, df = 1, p = 0.52), indicating that

infection of AMV across cultivars did not change throughout the

season. Block (i.e., farm) also did not significantly affect disease

incidence (likelihood ratio c² = 0.0, p = 1).

On the other hand, the interaction model significantly

improved the fit of the logistic regression (DDeviance = 16.8, Ddf
= 7, p = 0.019) for disease incidence. This indicated that the effect of

cultivar on this measure of incidence depended on sampling time,

with more plants testing positive for the virus later in the season

(Figure 3B). We ran separate GLMs for both sampling date and

found that cultivar had a significant effect on disease incidence in
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both June (likelihood ratio c² = 33.18, df = 7, p < 0.001) and July

(likelihood ratio c² = 26.64, df = 7, p < 0.001). However, the only

cultivar to have a significant increase in disease incidence was

‘Lumbre’ (estimate = 2.28, SE = 0.92, z = -2.46, p = 0.014). There

was one cultivar, ‘Masivo’, that had a significant decrease in disease

incidence throughout the season (estimate = -2.28, SE = 0.924, z =

2.46, p = 0.014).
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4 Discussion

Host plant resistance to AMV emerged as a strong theme in

greenhouse and field screenings of pepper cultivars. We found that

10% of the 20 cultivars screened in the greenhouse had strong

resistance to AMV, displaying minimal symptoms and never testing

positive for AMV, while an additional 20% of the cultivars
FIGURE 1

(A). Severity of AMV symptoms across cultivars in the greenhouse. The x-axis represents the 20 cultivars tested and the y-axis represents the severity
of symptoms (number of leaves with symptoms divided by the total number of leaves). Boxes represent the interquartile range for each cultivar.
Median is indicated by the horizontal line within the box, and whiskers show the range excluding outliers. Outliers are shown as individual points.
The most symptomatic cultivar was ‘Joe Parker,’ while four cultivars (‘Desperado’, ‘Habañero’, ‘Masivo’ and ‘Mira Sol’) did not show any symptoms.
Some cultivars showed low overall symptom severity but had individual plants with unusually high symptoms (e.g., ‘Bhutan Pepper’, ‘Cherry Pick’,
among others). (B). Average incidence of AMV symptoms across cultivars in the greenhouse. Bars represent means ± 1 SEM. Cultivars tested are on
the x-axis and the proportion of symptomatic plants for each cultivar is on the y-axis. These results correspond to the severity of AMV symptoms
(Figure 1A), as ‘Joe Parker’ has the highest incidence of AMV symptoms while cultivars ‘Desperado’, ‘Habañero’, ‘Masivo’, and ‘Mira Sol’ did not show
any symptoms throughout the experiment. Several cultivars had high incidence while symptoms on plants remained mild (e.g. ‘Nassau’, ‘Yellow
Bardo’, among others). (C). Disease incidence for plants tested in the greenhouse. Bars represent means ± 1 SEM. Although four cultivars did not
show any AMV symptoms, they all still tested positive for AMV through ELISAs (‘Desperado’, ‘Habañero’, ‘Masivo’, and ‘Mira Sol’). There were two
cultivars, ‘Giant Marconi’ and ‘Pueblo Primrose’ that showed symptoms but did not test positive for AMV through ELISAs. ‘Habañero’ had the lowest
disease incidence, closely followed by ‘Cherry Pick’ with only 7% and 8% of plants testing positive for AMV, respectively.
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FIGURE 2

Severity of AMV symptoms across pepper cultivars on commercial farms in June (light grey) and July (dark grey). Cultivars are on the x-axis, and
symptom severity shown as an estimated percentage of symptomatic leaves is on the y-axis. Boxes represent the interquartile range for each
cultivar. Median is indicated by the horizontal line within the box, and whiskers show the range excluding outliers. Outliers are shown as individual
points. ‘Joe Parker’ and ‘Big Jim’ are the only cultivars that had a significant increase in AMV symptoms between June and July (p<0.05), as indicated
by an asterisk.
FIGURE 3

Incidence of AMV symptoms (A) and disease incidence (B) for cultivars tested on commercial pepper farms. Cultivars are listed on the x-axis and
incidence rate is on the y-axis. Light grey bars represent the mean incidence of AMV symptoms in June and dark grey bars represent mean
incidence of AMV symptoms in July. Errors bars represent standard error (± 1 SEM). ‘Big Jim’ and ‘Joe Parker’ showed 100% incidence throughout
the growing season. Cultivars ‘California Wonder’ and ‘Revolution’ showed increases throughout the season while ‘Lumbre’, ‘Masivo’, and ‘Mosco’
showed decreased positive outcomes. However, these differences were not significant. ‘Bayonet’ was the only cultivar to have a constant incidence
rate throughout the season (A). On the other hand, the incidence of AMV reflected in the positive ELISA results tended to increase throughout the
season for most cultivars; however, this increase was only significant for ‘Lumbre’. ‘Masivo’ was the only cultivar to show a significant decrease in
positive outcomes for AMV (B).
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demonstrated tolerance to the virus, maintaining low infection rates

and symptoms. This result highlights that commercially available

cultivars possess strong genetic resistance to AMV. While not all 20

cultivars used in the greenhouse were tested in the field experiments

owing to limitations imposed by on-farm research, we found that

the four cultivars that overlapped between field and greenhouse

studies showed similar responses to AMV across systems. Further,

half of all the cultivars used in the field also showed strong tolerance

to AMVwith minimal symptom severity throughout the season and

infection rates of less than 40% by the end of the season. We did not

find any cultivars that exhibited resistance in the field, which may be

attributed to the variability of field conditions and additional

stressors that may compromise plant defenses. It is noteworthy

that for the cultivars we used in both the greenhouse and in the field,

i.e., ‘California Wonder’, ‘Joe Parker’, ‘Masivo’, and ‘Mosco’, the

disease incidence was generally greater when plants were exposed to

the virus via aphid vectors in the field. The incidence of disease in

the bell pepper cultivar ‘California Wonder’ was more than twice

the levels we noted in the greenhouse. This could be attributed to

continuous exposure to infected aphids in the field as well as the

abiotic factors such as heat stress and suboptimal irrigation that

may further hamper plants’ responses to infection. Interestingly, the

cultivar ‘Joe Parker’ had similarly high infection rates of AMV in the

greenhouse and field, suggesting this cultivar is highly susceptible to

AMV, which has been demonstrated previously as well

(Janecek, 2023).

The disease incidence and severity of symptoms of AMV we

observed in the greenhouse and field highlight the wide variation in

resistance and tolerance to the virus. How tolerance is defined has

evolved since its first use to describe rust-enduring wheat cultivars

by Cobb (1894). Generally, a host is considered tolerant to a

pathogen if it can reduce the negative effects of infection as

opposed to resistance, which is the ability to limit pathogen

replication (Pagán and Garcıá-Arenal, 2020). Metrics used to

evaluate tolerance to pathogens typically focus on yield and

quality of product for crops, host mortality, and fecundity (Read,

1994; Alizon et al., 2009; Alizon and Michalakis, 2015; Pagán and

Garcı ́a-Arenal, 2020). However, metrics such as symptom

development and their severity regularly correlate with mortality

or fecundity metrics and are often easier to quantify (Doumayrou

et al., 2013; Pagán and Garcıá-Arenal, 2020). There is evidence for

all classes of plant pathogens that disease severity is correlated with

pathogen replication within a host (Read, 1994; Anderson et al.,

1996; Fargette et al., 2002; Alizon and Michalakis, 2015; Pagán and

Garcıá-Arenal, 2020). However, this is less common for viruses as

many studies have shown that virus pathogenesis is largely

dependent on the deregulation of host gene expression (Pallás

and Garcıá, 2011). Moreover, “tolerant” and “sensitive” have been

utilized as opposite ends of a scale representing the reaction of a

host plant to a viral infection as compared to “resistant” and

“susceptible” that more accurately describe a scale of the host

plants’ effect on virus infection, replication, and invasion (Cooper

and Jones, 1983; Jeger, 2023). Based on these definitions and metrics

of resistance and tolerance, we conclude that tolerance is a much

more widespread mechanism of resistance in our system, and the
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majority of the cultivars we tested displayed responses congruent

with tolerance to AMV.

Our study is the first to screen pepper cultivars specifically for

AMV. Interestingly, other research indicated that some of the same

cultivars we used in our experiments were also resistant to other

diseases. For example, Suzuki et al. (2003) found that ‘Tobasco’

showed resistance to Cucumber mosaic virus Y in greenhouse

experiments, which is in the same virus family as AMV. Maruthi

et al. (2003) found that only 3% of the bell pepper cultivar

‘California Wonder’ had any incidence of Tomato leaf curl

Banga lore v i rus–Banga lore s t ra in 4 (Gepla fuv i ra l e s :

Geminiviridae) in greenhouse experiments. In another study,

other bell pepper cultivars ‘Revolution’ and ‘Aristotle’ were

screened for phytophthora blight, Phytophthora capsici

(Peronosporales: Peronosporaceae), in field trials in New York

state. ‘Aristotle’ showed lower disease incidence with just over

20% of plants infected compared to almost 100% for ‘Revolution’

(Dunn et al., 2013). Strong resistance to Tomato spotted wilt virus

(Elliovirales: Tospoviridae) was also evident in five Capsicum species

(C. annum, C. baccatum, C. chinense, C. frutescens, and C.

pubescens) (Cebolla-Cornejo et al., 2003). Our research adds to

the body of literature showing strong innate resistance to a wide

range of pathogens across cultivars and species of peppers, and

future work focused on elucidating mechanism of potential cross

resistance will advance our ability to select for robust resistance to

multiple pathogens.

Our results also highlighted distinct differences in how

commercially available individual pepper cultivars responded to

AMV. For example, ‘Desperado’, ‘Masivo’, and ‘Mira Sol’ did not

exhibit any AMV symptoms, but their infection rates were much

higher than ‘Habañero’ which also remained asymptomatic

throughout the experiment. Moreover, cultivars ‘Giant Marconi’

and ‘Pueblo Primrose’ had low levels of severity but did not test

positive for AMV. This suggests that ‘Desperado’, ‘Masivo’, and

‘Mira Sol’ may be tolerant to AMV, whereas ‘Giant Marconi’ and

‘Pueblo Primrose’ have a higher level of resistance to AMV,

potentially affecting the virus’s ability to replicate and/or

translocate through the plant. Additionally, ‘Nassua’ had high

incidence of AMV symptoms and high infection rates compared

to other cultivars but maintained low symptom severity. This

response suggests that this cultivar may also possess tolerance

rather than resistance to AMV. Moreover, we found interesting

temporal patterns in the susceptibility of certain cultivars to the

virus. For example, the cultivar ‘Masivo’ exhibited increasing

resistance to AMV over time, which was evident in the field

experiments. Specifically, the early-season infection rates were

high in ‘Masivo’ peppers, suggesting that the host was unable to

prevent infection. However, the subsequent reduction later in the

season coupled with low symptom severity both early and late in the

season imply that the plants were able to employ effective

mechanisms for resistance against the virus over time. On the

other hand, ‘Lumbre’ was the only cultivar to have a significant

increase in infection rate with only 20% of plants infected in June

and 60% infected by the end of July, demonstrating a decrease in

tolerance to AMV at a different stage than most others.
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Generally, host plants are most susceptible to a pathogen in an

earlier growth stage and could acquire resistance over time as the

host increases their ability to mitigate the infection (Whalen, 2005;

Develey-Rivière and Galiana, 2007). This could explain why

‘Masivo’, even with a high infection rate early on had minimal

symptoms and a lower infection rate later in the season. However,

‘Lumbre’ was unique in that it was more susceptible to AMV

infection at an older growth stage. This would be contrary to

what is typically seen, as resistance generally persists throughout

the rest of the hosts’ lifecycle (Develey-Rivière and Galiana, 2007).

At the time of second sampling, pepper plants were transitioning

from their vegetative stages to flowering (bolting), as flower buds

were developed but had not yet bloomed for most. This change in

allocation of resources to reproductive tissues could have altered

any acquired resistance ‘Lumbre’ may have possessed earlier in the

season and/or increased its susceptibility to AMV. Melero et al.

(2023) explored this idea and found that infection of Turnip mosaic

virus (Stelpaviricetes: Potyviridae) in Arabidopsis proceeded faster in

mature, post-bolting plants as compared to juvenile and bolting

plants. These results, along with our own, add to a growing body of

literature highlighting the complexity of virus-plant interactions,

and reveal important differences between viral pathogenesis from

other plant disease systems.

While AMV has been recognized as a pathogen of peppers for

some time, it has only recently become a concern for growers in

Colorado (Amiri-Kazaz et al., 2025). As a result, currently available

commercial cultivars were not developed with resistance as a

targeted trait. However, our greenhouse and field screenings

demonstrate the complexity of innate resistance and tolerance

mechanisms, providing a foundation for the future development of

AMV-resistant peppers. The discovery of resistance genes and their

use in crop breeding has often begun with field and greenhouse

screenings to reveal cultivars with potentially useful levels of

resistance. For example, Garcıá-Neria and Rivera-Bustamante’s

(2011) work in discovering the two genes relaying resistance to

Pepper golden mosaic virus (PepGMV) (Geplafuvirales:

Geminiviridae) in a C. chinense accession was based on previous

work by Godıńez-Hernández et al. (2001) and Anaya-López et al.

(2003) that screened for PepGMV in field and glasshouse

experiments, respectively. Moreover, an open-field screening

program of over 307 Capsicum genotypes to leaf curling most

likely caused by Pepper leaf curl Varanasi virus (PepLCVaV)

(Geplafuvirales: Geminiviridae) (Kumar et al., 2006) later led to the

identification of a hybrid species that showed resistance through a

single recessive gene (Rai et al., 2014). Through our experiments, we

identified cultivars that remained asymptomatic despite being

infected with AMV (‘Habañero’, ‘Desperado’, ‘Masivo’, ‘Mira Sol’)

and cultivars that although showed symptoms did not test positive

for AMV (‘GiantMarconi’ and ‘Pueblo Primrose’) in the greenhouse.

We also identified one cultivar in the field, ‘Masivo’, that seemingly

was able to suppress AMV infection throughout the growing season,

resulting in significantly lower infection rates late in the season.

These results may contribute to the identification of genetic markers

that confer different types and levels of resistance, which could

ultimately be used to develop accessions for managing AMV.
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Results from our study show that several commercially available

pepper cultivars should be considered for integrated pest

management programs to combat high infection rates of AMV.

Additionally, our screening experiments in both the greenhouse and

field can provide a valuable starting point for the development of

AMV-resistant pepper cultivars. Validating tolerance on

commercial pepper farms provided evidence that incorporating

promising cultivars can be seamlessly implemented in commercial

production. Several limitations of our study was the low number of

replications for certain cultivars in the greenhouse, as well as the

lack of quantitative molecular tests across the greenhouse and field.

Moreover, we were not able to record yield data as our research was

conducted on commercial farms. Additional research is needed to

quantify resistance in these cultivars and evaluate them using

metrics such as yield and fruit quality to determine whether their

tolerance to AMV translates into significant economic value for

producers. As we were unable to choose which cultivars were tested

on commercial farms, additional field experiments exploring

promising cultivars from the greenhouse experiment in a more

applied setting would provide valuable insights to their

performance against AMV infection. Furthermore, other cultural

tactics such as barrier crops or increased distance between peppers

and AMV reservoirs such as alfalfa could contribute to the

development of robust IPM programs for AMV management.

This study highlights the potential of several pepper cultivars with

innate resistance to AMV that should be considered for current

production as well as future research directions.
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