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Abstract. When applied before crop emergence, soil amendments with mustard seed meal
(MSM) control some weeds and soilborne pathogens. MSM applications after crop
emergence (herein “postemergence applications”) might be useful components of
agricultural pest management programs, but research on postemergence applications
of MSM is limited. The overall objective of this investigation was to develop a method for
postemergence application of MSM that does not cause irrecoverable injury or yield loss
in chile pepper (Capsicum annuum). To accomplish this objective, we conducted a
sequence of studies that evaluated different MSM rates and application methods in the
greenhouse and field. For the greenhouse study, we measured chile plant photosynthetic
and growth responses to MSM applied postemergence on the soil surface or incorporated
into soil. For the field study, we determined chile pepper fruit yield responses to MSM
applied postemergence using a technique based on the method developed in greenhouse,
and we confirmed that the MSM rates used in our study (4400 kg-ha~"' and 2200 kg-ha™?)
inhibited the emergence of the weed Palmer amaranth (Amaranthus palmeri) and the
growth of the pathogen Phytophthora capsici, which are common problems in chile
pepper production in New Mexico. Greenhouse study results indicated that MSM at 4400
kg-ha~! spread on the soil surface caused irrecoverable injury to chile pepper plants;
however, chile pepper plants were not permanently injured by the following three
treatments: 1) MSM at 4400 kg-ha~' incorporated into soil, 2) MSM at 2200 kg-ha™~'
spread on the soil surface, and 3) MSM at 2200 kg-ha~! incorporated into soil. For the
field study, postemergence, soil-incorporated applications of MSM at 4400 kg-ha™’
suppressed emergence of Palmer amaranth by 89% and reduced mycelial growth of
Phytophthora capsica by 96%. Soil-incorporated applications of MSM at 2200 kg-ha™!
suppressed emergence of Palmer amaranth by 41.5% and reduced mycelial growth of
Phytophthora capsica by 71%. Postemergence soil-incorporated applications of MSM did
not reduce chile pepper yield compared with the control. The results of this study
indicated that MSM applied after crop emergence and incorporated into soil can be a
component of pest management programs for chile pepper.

Chile pepper (Capsicum annuum) is an
important horticultural crop in New Mexico.
In 2018, ~8400 acres in New Mexico were
cultivated with chile pepper, which com-
prised 46% of total chile pepper acreage in
the United States [U.S. Dept. Agr., National
Agricultural Statistics Service (NASS),
2019]. Chile pepper in New Mexico is grown
for green and red fruits that are each pur-
chased by both food processors and fresh
markets. The value of chile pepper produc-
tion in 2018 was $53.8 million, with chile
pepper for processing valued at $43.8 million
and chile pepper for fresh markets valued at
$10.0 million (U.S. Dept. Agr., NASS, 2019).
The extent and monetary worth of chile
pepper production in New Mexico is partly
a consequence of four centuries of chile
pepper production in this region (Bosland,
2015).

In New Mexico, chile pepper is typically
seeded in March to April, the crop stand is
thinned in May, and chile peppers are har-
vested for green fruits from August to Sep-
tember or for red fruits from September to
October (Hawkes et al., 2008). In mid- to-late
summer, monsoonal rains stimulate both
soilborne diseases (Matheron and Porchas,
2015; Sanogo and Carpenter, 2006) and
emergence of weeds that potentially reduce
chile pepper fruit yield (Schroeder, 1993). To
manage soilborne diseases, growers preemp-
tively use systemic fungicides, synthetic fu-
migants, and biofungicides in combination
with cultural tactics including crop rotation
and soil water management to avoid pro-
longed saturation (Sanogo and Ji, 2013). To
control mid- to-late season weeds, growers
often rely on hand-hoeing because larger
chile pepper plants preclude mechanical cul-
tivation and label regulations limit herbicide
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applications during latter stages of crop devel-
opment. However, despite these management
efforts, soilborne pathogens and mid- to-late
season weeds continue to cause substantial
losses in chile pepper yield (Sanogo and
Carpenter, 2006) and chile pepper production
profitability (Skaggs et al., 2000).

MSMs are byproducts from crushing rape
(Brassica napus), brown mustard (Brassica
juncea), or white mustard (Sinapis alba)
seeds for biodiesel production. MSMs have
fungicidal, nematocidal, and herbicidal prop-
erties (Borek et al., 1995; Hoagland et al.,
2008; Wang et al., 2015; Yu et al., 2005)
because MSMs contain high concentrations
of plant secondary metabolites known as
glucosinolates (Bhandari et al., 2015). When
MSM is hydrated in soil, glucosinolates are
converted by the enzyme myrosinase into a
variety of products including volatile isothio-
cyanates (Kirkegaard and Sarwar, 1998). In
laboratory studies, volatile isothiocyanates
strongly suppressed growth of soilborne patho-
gens (Charron and Sams, 2017; Gigot et al.,
2013; Mayton et al., 1996) and weeds (Wang
et al., 2015; Wood et al., 2020). In field studies,
MSM reduced densities of annual weeds
(Banuelos and Hanson, 2010; Boydston et al.,
2018; Hoagland et al., 2008) and incidence of
soilborne disease (Fayzalla et al., 2009). The
physiological mechanisms of action for MSM
are not well understood, but specific isothiocya-
nates are associated with stomatal closure
(Hossain et al., 2013) and disruption of micro-
tubule networks (@verby et al., 2015). Isothio-
cyanates also interfere with adenosine
triphosphate binding sites (Breier et al., 1989)
and inhibit physiological processes during seed-
ling growth (Leblova-Svobodova and Kostif,
1962; Urbancsok et al., 2017). Accordingly,
MSM is mainly used to suppress weeds before
emergence (Wang et al., 2015), although MSM
can also inhibit growth of emerged plants
(Webber et al., 2017).

Use of MSM requires measures to protect
the crop because MSM can negatively affect
crop seed germination and growth. For exam-
ple, Earlywine et al. (2010) determined that
MSM reduced stand densities of desirable
turfgrass species by 77% to 81% compared
with a nontreated control. MSMs have also
been reported to reduce seedling emergence of
lettuce (Lactuca sativa), carrot (Daucus car-
ota), cotton (Gossypium hirsutum), and rasp-
berry (Rubus ideaus) (Gigot et al., 2013; Meyer
et al., 2011; Rothlisberger et al., 2012; Snyder
et al., 2009). MSM derived from brown mus-
tard caused injury on strawberry (Fragaria
ananassa) and sweet corn (Zea mays) (Yu
et al., 2007), although MSM-induced injury
on potato (Solanum tuberosum) was not asso-
ciated with yield loss (Boydston et al., 2018). In
onion, MSM applications at the cotyledon and
one-leaf stage caused high rates of plant mor-
tality in a greenhouse study; however, in the
field, applications of MSM at the two-leaf stage
caused only visual injury on onion and did not
reduce yield (Boydston et al., 2011).

MSM applications 3 weeks before chile
pepper seeding (i.e., preplant applications)
reduced weed densities and hoeing times
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early in the growing season (Wood, 2019).
These results were consistent with previous
studies that determined preplant applications
of MSM lowered early season weed density
but often failed to control later-emerging
weeds (Boydston et al., 2018; Shrestha
et al., 2015; Webber et al., 2017). In chile
pepper, MSM applications after crop emer-
gence (i.e., postemergence applications)
could be a tactic for simultaneously targeting
weeds and soilborne pathogens during mid-
dle and later phases of the growing season. To
our knowledge, postemergence applications
of MSM have yet to be studied in chile
pepper.

The primary objective for this investigation
was to develop a method for postemergence
applications of MSM that does not cause irre-
coverable injury or fruit yield loss in chile
pepper. To accomplish this objective, we con-
ducted a sequence of studies that evaluated
different MSM rates and application methods
in the greenhouse and field. For the greenhouse
study, we measured chile plant photosynthetic
and growth responses to postemergence appli-
cations of MSM that were either spread on the
soil-surface or incorporated into soil. Results
from the greenhouse study informed field
evaluations of our method for postemergence
MSM applications. Specifically, we conducted
a field study to 1) determine chile pepper fruit
yield responses to postemergence applications
of MSM administered using a technique based
on the method developed in the greenhouse,
and 2) confirm that the MSM rates used in our
study inhibit emergence of a weed (Palmer
amaranth, Amaranthus palmeri) and growth of
a soilborne pathogen (Phytophthora capsici)
that are common problems during the middle
and later phases of chile pepper production in
New Mexico.
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Materials and Methods

Biological materials. Mustard seed meal
derived from brown mustard was purchased
from a commercial supplier in Aug. 2018
(Pescadero Gold; Farm Fuel Inc., Freedom,
CA). When not in use, MSM was stored in
plastic bags at room temperature (20 to
25 °C). The concentration of sinigrin, the
primary glucosinolate in brown mustard seed
meal, was 203 umol-g'. This concentration
was determined with high-performance lig-
uid chromatography (Agilent 1100; Agilent
Technologies, Santa Clara, CA) following
methods in Doheny-Adams et al. (2017). For
the MSM in this study, the concentration of
sinigrin was sufficient for pesticidal activity
(Bangarwa et al., 2011; Meyer et al., 2015).

In Sept. 2018, seeds of Palmer amaranth
were collected from the New Mexico State
University (NMSU) Leyendecker Plant Sci-
ence Research Center (32.198 N, 106.742
W), south of Las Cruces, NM. Palmer ama-
ranth inflorescences were removed from the
field and hand-thrashed with sequential com-
binations of sieving and forced-air separation
until seeds were separated from chaff. Seeds
were stored in an airtight container at 4 °C.

A virulent isolate of Phytophthora capsici
(isolate 6347), recovered from a field-
infected chile pepper plant in Dona Ana
County, NM, was used (Jiang et al., 2015).
Cultures of isolate 6347 were maintained at
25 °C on autoclaved V8 agar media (800 mL
distilled water, 200 mL V8 juice, 2 g CaCOs,
20 g technical agar).

Greenhouse study. A study was conducted
in a greenhouse located at the NMSU Leyen-
decker Plant Science Research Center. The
study consisted of two experimental runs.
Experimental run 1 was carried out from 4
Mar. 2019 to 5 June 2019. The air tempera-
ture in the greenhouse was maintained at
24 °C (£ 3 °C) and supplemental light was not
provided because ambient light conditions
supported chile pepper growth and develop-
ment. Experimental run 2 was performed
from 16 Dec. 2019 to 26 Mar. 2020. For the
second experimental run, the air temperature
in the greenhouse was maintained at 24 °C (+
3 °C) and a photoperiod of 14-h light and 10-
h dark was maintained by operating high-
intensity discharge metal halide lamps from
6:00 to 8:00 aM and from 5:00 to 8:00 pm.

Experimental units were bins (30 cm long,
25 cm wide, 15 cm deep) containing three
chile pepper plants positioned in a row that
was situated central and parallel to the lon-
gitudinal axis of the bin. The planting me-
dium was a sandy loam soil (79% sand, 9%
silt, 12% clay) with pH of 8.2 and organic
matter of 0.7%. The soil was collected from a
field at the NMSU Leyendecker Plant Sci-
ence Research Center. Soil with high sand
content was selected because sand was ex-
pected to facilitate drainage in bins. Before
use, soil was sieved to remove debris that did
not passed through a 4-mm screen. Each bin
was filled with soil to a depth of 11 cm. The
undersides of bins featured 9-mm diameter
holes for drainage.
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Chile pepper plants were started from
seeds buried 2 cm in soil within the bins.
The chile pepper cultivar was NM 6-4, which
is susceptible to P. capsici. Before chile
pepper seedling emergence, bins were sub-
irrigated by placement in a larger container with
water. After chile pepper seedling emergence,
bins were surface irrigated with sprinkler can-
isters as required. Bins were not irrigated for
48 h before MSM application to ensure soil was
dry for MSM application. MSM was applied 8
weeks after chile pepper emergence. Immedi-
ately after MSM application, bins were irri-
gated to saturation (3 L water/bin).

Treatments were arranged on the green-
house bench in a randomized complete block
design with four replications. Treatments
consisted of factorial combinations of MSM
rate (high rate and low rate) and MSM
placement (soil surface and soil incorpo-
rated). Treatments also included a control
that lacked both MSM and soil disturbance
associated with MSM incorporation. Herein,
the combinations of MSM rates and place-
ments are referred to as “low surface,” “low
incorporated,” “high surface,” and ‘“high
incorporated.” The high rate treatment was
33 g/bin MSM, which corresponds to a field
application rate of 4400 kg-ha™' MSM. The
low rate treatment was 16.5 g/bin MSM,
which corresponds to a field application rate
of 2200 kg-ha™'. The application rates 2200
and 4400 kg-ha™' were recommended by the
supplier and previously shown to suppress
soilborne pathogens (Wood et al., 2020). For
soil surface treatments, MSM was applied on
the soil surface in two bands that ran parallel to
the chile pepper row, 2 cm from chile pepper
plants. For soil-incorporated treatments, two
trenches (5 cm depth) were dug on either side of
the chile pepper row, 2 cm from chile pepper
plants. MSM was applied evenly across the
length of the trench, which was then closed with
slight mixing of MSM and soil.

Photosynthetic rates of the youngest, fully
open leaf were recorded immediately before
MSM application and every 2 d until 14 d
after application (DAA). Photosynthetic rates
were determined with an IR gas analyzer-
based photosynthesis system (LI-6400; LI-
COR Biosciences Inc., Lincoln, NE), which
was equipped with a light-emitting diode that
provided 800 wmol-m2.s™' of photosyntheti-
cally active radiation (PAR) to leaf surfaces.
This level of PAR about matched the average
light level at chile pepper plant height in the
greenhouse. CO, reference was set at 400
pmol-mol™, and flow rate was set at 500
mol-s'. Gas exchange measurements were
taken after net photosynthesis and stomatal
conductance values stabilized on the graph-
ical display of the instrument’s console.

At 14 DAA, plants were assessed for
visual symptoms of injury from MSM using
a scoring system of zero to 10. Zero indicated
no visual difference from nontreated control.
The injury rating “1” indicated plants with
droopy lower leaves, “2” indicated plants
with droopy lower and upper leaves, “3”
indicated wilting and “4” indicated chloro-
sis, “5” through “7” indicated increasing
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chlorosis and detachment of leaves,““8” and
“9” indicated increasing degrees of leaf
detachment with stunting, and “10” indi-
cated plant death. Survival percentages of
plants in each experimental unit were recor-
ded. Also, at 14 DAA, plant height was
determined by measuring the distance from
the soil surface to the uppermost leaf without
extending the leaf. Plants were then destruc-
tively sampled to determine aboveground
weight and total leaf area using an area meter
(LI-3100; LI-COR Biosciences, Lincoln,
NE). Dry aboveground weight was deter-
mined after plant materials were dried for
3 d in an oven set to 65 °C.

Field study. There were four sites for this
study. Two were commercial chile pepper
fields near Deming, NM (32.225 N, 107.775
W) and Las Uvas, NM (32.605 N, 107.350
W), and two were chile pepper fields at
research farms managed by NMSU (Leyen-
decker Plant Science Research Center, south
of Las Cruces (32.202 N, 106.743 W) and
Agricultural Science Center at Los Lunas
(34.769 N, 106.763 W). At the Deming site,
soil was a Maricopa sandy, mixed, super-
active, calcareous, thermic typic Torriflu-
vents (56% sand, 14% silt, 30% clay; 2.5%
organic matter). At the Las Uvas site, soil was
a Mohave fine-loamy, mixed, superactive,
thermic typic Calciargids (52% sand, 24%
silt, 24% clay; 2.3% organic matter). Soil at
Los Lunas was a Vinton sandy mixed typic
Torrifluvents (82% sand, 6% silt, 12% clay;
0.6% organic matter) and soil at the Las
Cruces site was a Glendale fine-silty, mixed,
superactive, calcareous, thermic typic Torri-
fluvents (26% sand, 36% silt, 38% clay; 1.9%
organic matter). Chile peppers were direct
seeded in raised beds and grown using site-
specific practices customary for the region in
2019. Study sites differed in chile pepper
cultivar. ‘Sandia’ was grown at the Las Cru-
ces and Los Lunas sites, ‘AZ-4’ was grown at
Las Uvas, and ‘AZ-1904" at Deming.

Experimental units consisted of plots that
were 6 m long and 3 chile pepper rows wide.
The distance between adjacent chile pepper
rows was site-specific. At the Las Cruces and
Deming sites, chile pepper rows were spaced
1 m apart. At Los Lunas and Las Uvas, chile
pepper rows were spaced 0.75 m apart. Treat-
ments included incorporated applications of
MSM at high (4400 kg-ha™') and low (2200
kg-ha™) rates. MSM rates were studied sep-
arately using a paired plot design with four
replications (Perecin et al., 2015). Nontreated
control plots were immediately adjacent to
longitudinal axes of MSM treatment plots. At
the time of MSM application, which was 10
to 11 weeks after the chile plant emergence,
chile pepper plants were 40 to 60 cm tall.

MSM was applied by hand to furrows on
both sides of central chile pepper rows. Each
band of MSM spanned the length of the
treatment plot. Immediately after application,
MSM was incorporated into soil to a depth of
7 cm using a gas-powered rototiller (Mantis
Tiller/Cultivator 7940; Schiller Grounds
Care Inc., Southampton, PA). Furrows in
nontreated plots were rototilled in a manner

identical to furrows in treatment plots. All
plots were then irrigated by hand with sprin-
kler canisters. The irrigation volume (20 L/
plot) was enough to saturate the upper 7 cm
soil. MSM was applied only to furrows for
two reasons: 1) rototilling on raised beds
would likely have caused severe injury to
chile plant roots, and 2) newly emerged
weeds in furrows potentially interfere with
chile pepper production, whereas weeds in
the crop row are often suppressed by the chile
pepper crop during the later phases of the
growing season.

After MSM incorporation but before irri-
gation, and at 28 DAA, the upper 7 cm of soil
was sampled using a hand shovel. Soil sam-
ples were brought to the laboratory and
subjected to procedures for determining sini-
grin concentrations. Sinigrin was extracted
from soil and quantified using high perfor-
mance liquid chromatography (Agilent 1100,
Agilent Technologies) following procedures
in Wood et al. (2020). At 14 and 28 DAA,
chile pepper plants were evaluated for visual
symptoms for MSM-induced injury using the
rating scale from the greenhouse study. At 30
to 35 DAA, marketable fruits were harvested
by hand from central 4-m sections of plot
rows. Criteria for marketable fruits were
those that were straight, green, without dis-
ease symptoms, and at least 10 cm in length.
The fruits were weighed in the field to deter-
mine fresh weights.

MSM effects on Palmer amaranth emer-
gence were determined with artificial seed-
banks that were constructed in the field
immediately after MSM incorporation but
before the irrigation that followed MSM
application. Artificial seedbanks were within
PVC pipes (6 cm diameter, 7 cm height) that
were incorporated into soil so that the pipe
tops formed a lip 2 cm above the soil surface.
Pipes were filled with soil from the surround-
ing plot, meaning that artificial seedbanks
contained MSM-treated or nontreated soil.
Fifty Palmer amaranth seeds were then bur-
ied 1 cm deep in each seedbank. Palmer
amaranth seedling densities were recorded,
and seedlings removed, every 7 d for 28 d.
Cumulative emergence through 28 DAA was
used for data analysis.

The effect of MSM mixed in field soil on
mycelial growth of Phytophthora capsici was
investigated by using a bioassay conducted in
the laboratory. For this assay, soil samples
from each plot were collected using a hand
shovel (sampling depth 7 cm). Magenta
boxes (6.35 cm length, 6.35 cm width, 9.52
cm depth) were half-filled with 180 g soil.
Soil was then hydrated until a thin film of
water appeared on the surface. The lids of the
magenta boxes contained V8 agar medium
inoculated centrally with a mycelium plug of
P. capsici grown for 5 d on autoclaved V8
agar media in growth chambers set to 25 °C.
The lids were inverted over magenta boxes
containing field soil following the protocol
described by Sanogo (2007). Boxes were
then sealed and arranged on the laboratory
bench in a paired plot design that matched the
spatial arrangement of experimental plots in
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the field. Magenta boxes were maintained at
room temperature of 22 + 3 °C. After 4 d, the
diameters of P. capsici cultures were mea-
sured. Mycelial growth was determined as
the difference between the P. capsici diam-
eter at 4 d and the P. capsici diameter at the
start of the bioassay. Bioassays were stopped
at 4 d because at this time, the mycelium
reached the rim of the lids in the control
treatments. After 4 d, all P. capsici plugs
were removed from magenta box lids and
transferred to new V8 agar in petri plates.
These petri plates were maintained at room
temperature for 4 d. Then, diameters of my-
celial colonies of P. capsici were measured.

Data analysis. All statistical analyses
were performed using the open source statis-
tical software program R (v.3.0.1, The R
Foundation for Statistical Computing, http://
www.r-project.org). For the greenhouse
study, photosynthetic rates were analyzed
separately for each time point with analysis
of variance followed by mean separation with
Tukey’s test for post hoc analysis. For green-
house study response variables including
aboveground fresh weight, dry weight, plant
height, and leaf area; data were analyzed
using linear mixed-effects models using the
R library /me4 (Bates et al., 2015). In these
models, runs and replicates within runs were
random effects, and MSM treatments were
the fixed effects. Visual injury rating data
were analyzed by Friedman’s test for non-
parametric data. Preliminary analyses indi-
cated that visual injury ratings for all MSM
treatments were consistent between the two
experimental runs (P > 0.05), and therefore,
visual injury rating data from the experimen-
tal runs were combined for this analysis.

For the field study, yield data were sepa-
rately analyzed for each site because this
study aimed to assess consistency in yield
responses to MSM applied at sites that dif-
fered in cultivar, soil type, and row spacing.
Within each site, yield differences between
MSM-treated plots and nontreated control
plots were assessed with paired ¢ tests that
were appropriate for the paired sample design
used in the field study. For studies confirming
weed and pathogen suppression from MSM,
data were analyzed with mixed-effect models
that treated site and replication within site as
random effects, and MSM treatment as the
fixed effect. Mixed-effect models were used
for data from the weed and pathogen suppres-
sion studies because these confirmational stud-
ies aimed to make overall treatment comparisons
that were not specific to site (Fernandez, 2007).
For weed density data, generalized linear mixed
models were fit with negative binomial proba-
bility distributions using the R library /me4
(Bates et al., 2015). For mycelial growth data,
linear mixed models were produced using the R
library Ime4.

Results

Greenhouse study. At 14 DAA, the per-
centages of plants that survived were 100%
for the control, 95.8% for the low-incorporated
treatment, 95.8% for the high-incorporated
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Table 1. Aboveground fresh and dry biomass, height, leaf area, and visual injury for chile pepper plants subjected to mustard seed meal (MSM) treatments that
differed in MSM rate and application method. Plant measurements were taken 14 d after MSM application. The experiment was conducted in a greenhouse
using a sandy loam soil collected from the field. Data are means + si (n = 8). Means within a column that share the same letter are not different at P < 0.05.

Treatment” Aboveground fresh biomass (g) Aboveground dry biomass (g) Leaf area (cm?) Ht (cm) Injury rating”
Control 314+442a 58+0.77a 569.9£83.87a 209+1.90a 0£0a
Low incorporated 25.0+2.31 ab 46+049a 483.3 £ 50.07 ab 18.0+1.61 a 1.0+ 0.35 ab
Low surface 18.0+3.88b 32+0.76 b 362.0+84.57b 127+241b 1.9 +0.69 ab
High incorporated 259+421a 48+0.79 a 487.1 + 88.71 ab 193+198a 1.7+ 051b
High surface 87+3.77¢c 2.1+£0.75¢ 151.3 £76.98 ¢ 8.1+298¢ 70+1.23¢

“Treatments were applied 8 weeks after chile pepper emergence. The high MSM rate corresponds to 4400 kg-ha'. The low MSM rate corresponds to 2200 kg-ha™'.
For surface treatments, MSM was spread on the soil surface in two bands on either side of chile pepper plants. For incorporated treatments, MSM was incorporated
into soil in two bands on either side of chile pepper plants

YInjury rating was done on a 0 to 10 scale, where 0 signifies no damage and 10 signifies plant death.
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T '
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o ©
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—— Low incorporated
—— Low surface

0 2 4 6 8 101214
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Day after mustard seed meal application

Fig. 1. Chile pepper photosynthetic rates following mustard seed meal (MSM) applications in a greenhouse
study during experimental run 1 (A) and experimental run 2 (B). MSM was applied 8 weeks after chile
pepper emergence at two rates and using two application methods (spread on the soil surface and
incorporated in soil at depth of 5 cm). The high-application rate corresponded to 4400 kg-ha™' and the
low-application rate corresponded to 2200 kg-ha™'. Data points are means (n = 4). Within a time point,
means that share the same letter are not different at P < 0.05.

treatment, 79.2% for the low surface treat-
ment, and 37.5% for the high surface treat-
ment (n = 24 for each treatment). Surface
treatments caused symptoms of injury in-
cluding plant stunting, drooping and detach-
ment of lower leaves, leaf chlorosis, and plant
death (Table 1). Injury symptoms were most
severe for the high surface treatment. For
incorporated treatments, chile pepper plant
heights, aboveground fresh and dry weights,
and leaf areas were similar to the control at
14 DAA.

The effects of MSM on chile pepper were
evident before 14 DAA. For experimental run
1, chile pepper photosynthetic rates at 2 DAA
were lower than the control for all MSM
treatments except the low-incorporated treat-
ment (Fig. 1A). For the high-incorporated
treatment, chile pepper photosynthetic rates
recovered to levels comparable to those in the
control treatment at 12 DAA, although pho-
tosynthetic rates in the high-incorporated
treatment were less than those in the control
at 14 DAA. Throughout the duration of ex-
perimental run 1, chile pepper photosynthetic
rates for the high surface treatment were less
than those in the control treatment. For ex-
perimental run 2, MSM initially caused re-
ductions in chile pepper photosynthetic rates;
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however, by 14 DAA, chile pepper photo-
synthetic rates were similar between the
control and MSM treatments, except for the
high surface treatment (Fig. 1B). Similar to
experimental run 1, the high surface treat-
ment caused reductions in chile pepper pho-
tosynthetic rates throughout the duration of
experimental run 2.

Field study. From the time of MSM ap-
plication (0 DAA) to 28 DAA, there was a
100% reduction of sinigrin concentration in
soil at Las Cruces and Los Lunas sites, a 99%
reduction in sinigrin concentration in soil at
the Las Uvas site, and a 93% reduction in
sinigrin concentration in soil at the Deming
site. Although sinigrin was hydrolyzed to
produce volatile biocidal compounds at each
study site, chile pepper plants did not exhibit
visual symptoms of MSM-induced injury
(data not shown). Further, at each study site,
chile pepper fruit yields for high and low
MSM rates were not significantly different
from the control (P > 0.05, Fig. 2).

MSM at 4400 kg-ha' inhibited Palmer
amaranth seedling emergence by 89% com-
pared with control plots (Table 2). MSM at
2200 kg-ha! inhibited Palmer amaranth
emergence by 41.5% compared with control
plots. Soil collected from field plots treated
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with MSM at 4400 kg-ha™' reduced P. capcisi
mycelial growth by 96% compared with soil
collected from control plots (Table 2). For
soil collected from plots treated with MSM at
2200 kg-ha™', P. capsici mycelial growth was
reduced by 70% compared with P. capsici
mycelial growth above soil from control plots.
When the P. capsici plugs were removed from
the magenta box lids and transferred to new
V8 agar medium in petri plates, the plugs that
were previously suspended over MSM-treated
soil did not grow, whereas the plugs that were
previously suspended over soil from control
plots grew, on average, 3.5 cm in 4 d.

Discussion

Previous studies determined that preplant,
soil-incorporated applications of MSM sup-
pressed emergence of crops including lettuce
(Wang et al., 2015), strawberry, sweet corn,
potato (Yu et al., 2007) and cucumber
(Webber et al., 2017). Considering the risks
of crop injury from preplant applications of
MSM, Webber et al. (2017) implied that
MSM applications should be studied in trans-
planted or emerged crops. Building on the
suggestions for further research from Webber
et al. (2017) and based on the fact that plant
tolerance to a pesticide is related to the size of
the plant at the time of application (e.g.,
Crose et al., 2019), this study evaluated
postemergence applications of MSM. The
results of this study indicated that MSM
applications that are incorporated into soil
are safe for established chile pepper plants.

Leaf photosynthetic rates were used to
assess recovery from MSM-induced injury in
chile pepper plants. This is because glucosi-
nolate degradation products are associated
with stomatal closure (Hossain et al., 2013),
and leaf gas exchange variables often reflect
plant tolerance or intolernace to herbicidal
compounds (Kempenaar et al., 2011). Photo-
synthesis data indicated that MSM spread on
the soil surface caused irrecoverable injury to
chile pepper plants in the greenhouse. These
results were similar to results from previous
studies that determined preplant, surface ap-
plications of MSM injured crops (Boydston
et al.,, 2011, 2018). Surface applications of
MSM may be harmful to crops because the
MSM on the soil surface releases isothio-
cyantes at relatively high concentrations
that directly contact the aboveground parts
of the crop. Burial of MSM might reduce the
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amount of isothiocyanate that contacts the
crop because burial inhibits upward move-
ment of pesticidal volatiles (Vander Wall,
2003). Although this study did not determine
concentrations of isothiocyantes in air near
chile pepper plants, the results of this study
suggest that burial inhibited losses of iso-
thiocyanates from soil, thereby protecting
chile pepper plants from irrecoverable
MSM-induced injury.

Degradation products from sinigrin in
soil, which include isothiocyanates, reach
maximum concentrations within 24 to 48 h
of initial hydration (Borek et al., 1994) and
dissipate to concentrations half of maximum
within days of wetting (Borek et al., 1995).
Although it is likely that the pesticidal com-
pounds derived from MSM did not persist in
soil for extended periods, MSM amendments
to soil reduced emergence of Palmer ama-
ranth in the field. Palmer amaranth is a
difficult to control, summer annual weed in
New Mexico chile pepper fields (Skaggs
et al., 2000). Although Palmer amaranth is
capable of rapid growth and high levels of
seed production (Ward et al., 2013), Palmer
amaranth emergence is suppressed by prod-
ucts of glucosinolate hydrolysis (Norsworthy
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and Meehan, 2005; Wang et al., 2015). In this
study, reduced levels of Palmer amaranth
emergence in MSM-treated plots confirmed
that the MSM rates (2200 kg-ha™' MSM and
4400 kg-ha™' MSM) are sufficient for con-
trolling weeds in chile pepper.

MSM mixed with field soil at 2200
kg-ha' MSM and 4400 kg-ha™' MSM sup-
pressed P. capsici growth under laboratory
conditions. This study showed that MSM-
treated soils did not just suppress mycelial
growth of P. capsici, but also killed the
pathogen because the mycelia did not grow
after mycelia were removed from the MSM
treatment. In a previous laboratory study,
MSM at 2200 kg-ha' and 4400 kg-ha™'
inhibited mycelial growth of Verticillium
dahliae (Wood et al., 2020), which is another
soilborne pathogen that can substantially re-
duce chile pepper yield. The results from this
study, combined with the results of the pre-
vious study on V. dahliae (Wood et al., 2020),
suggest that MSM application rates of 2200
kg-ha' and 4400 kg-ha' are sufficient for
suppression of soilborne pathogens in chile
pepper; however, these results need to be
validated in the field before recommenda-
tions can be made. Any recommendations for
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Fig. 2. Chile pepper fruit yield responses to mustard seed meal (MSM) applied at 4400 kg-ha™' (A) and
2200 kg-ha™' (B) at four sites in New Mexico. MSM was amended to soil between crop rows at 10 to 11
weeks after the chile plant emergence. Each MSM rate was separately tested with paired, nontreated
control plots. Data are means + st (N =4). NS indicates nonsignificant effect of MSM treatment within
a site (P > 0.05) .

MSM application rates are likely to be influ-
enced by the Brassicaceae species that was
used to form the meal. This is because
Brassicaceae species differ in the types and
concentrations of glucosinolates found in
seeds (Chung et al., 2002). MSM in this
study was derived from brown mustard, a
species that was previously determined to
produce seed meals with relatively high
glucosinolate concentrations (Chung et al.,
2002).

The material and shipping costs for MSM
in this study was $2296/acre ($5674/ha) for
the 2200 kg-ha' treatment, $4492/acre
($11,349/ha) for the 4400 kg-ha™! treatment.
These costs are less than those for soil disin-
festation by steaming (Fennimore and Good-
hue, 2016; Samtani et al., 2012), but greater
than costs for custom applications of syn-
thetic fumigants (Walters et al., 2011). An
economic analysis in 2018 determined that
the total costs for installing and removing
plastic mulch was $2761/acre (Fonsah and
Shealey, 2019), which is similar to the costs
for MSM at 2200 kg-ha™'. If MSM at 2200
kg-ha™! improves crop production to degrees
equivalent to benefits derived from plastic
mulch (Kasirajan and Ngouajio 2012), MSM
might be a justifiable expense for growers
who either lack the specialized equipment for
installing plastic mulch or have concerns for
plastic mulch disposal. However, it should be
noted that MSM material costs do not include
costs for operating application equipment,
which will likely include tractor-pulled fer-
tilizer spreaders and implements for shallow
cultivation.

Application procedures for fumigants of-
ten involve plastic mulches to trap volatile
biocidal compounds (Guo et al., 2005). In
New Mexico chile pepper production, plastic
mulch is not often used. Accordingly, NM
chile pepper producers need pest manage-
ment tools that can be effective without
plastic mulch. For MSM without plastic
mulch, soil incorporation could reduce loss
of volatile biocidal compounds. This assump-
tion is supported by Handiseni and Brown
(2009), who reported that MSM incorporated
in soil had more herbicidal activity than
MSM not incorporated in soil. The combined
results of Handiseni and Brown (2009) and
this study indicate that soil incorporation is a

Table 2. Parameter estimates, with 97.5% confidence limits, from generalized linear mixed models for mustard seed meal (MSM) effects on Palmer amaranth
(Amaranthus palmeri) seedling emergence in artificial seedbanks and Phytophthora capsici mycelial growth in laboratory assays. MSM was applied at a high
rate equivalent to 4400 kg-ha™' and low rate equivalent to 2200 kg-ha™' and compared against nontreated control plots.

Palmer emergence”

Phytophthora mycelium growth*

MSM rate Parameter” Estimate Seedlings/seedbank Estimate Radial growth (cm)
High (4400 kg-ha™) Intercept (nontreated) 2.21 (1.467; 2.909) 9.1 3.45(3.216; 3.681) 3.45

MSM treated —2.29 (-2.830; —1.816) 1.0 —3.31 (-3.639; —2.986) 0.14
Low (2200 kg-ha™) Intercept (nontreated) 2.04 (1.171; 2.881) 7.7 3.40 (3.050; 3.755) 3.40

MSM treated —0.54 (-1.964; —0.031) 4.5 —2.39 (-2.895; —1.898) 1.01

“Nontreated control plots were coded as the reference category in the generalized linear mixed models. Parameter estimate are presented in the linked scale,
followed by back-transformed means predicted by the model. Parameter estimates for the intercept correspond to the means for nontreated control plots. Estimates
for the parameter “MSM treated” represent the differences between nontreated and treated plots. MSM-treated parameter estimates with confidence intervals not
overlapping zero are statistically significant.

YPalmer emergence in a polyvinyl chloride pipe (6 cm diameter X 7 cm height) that was seeded with 50 Palmer amaranth seeds and incorporated into soil.
*Mycelium plugs (5 mm in diameter) of Phytophthora capsici were placed on a V8 agar medium that was suspended over MSM-treated and nontreated field soils
in magenta boxes. Radial growth from mycelium plugs was measured after 96 h of incubation at room temperature of 22 + 3 °C.
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promising way to prevent crop phytotoxicity
of MSM and enhance its pesticidal activity.

In addition to a biopesticide, MSM poten-
tially serves as a fertilizer because MSM
contains 5% to 6% nitrogen by weight
(Gale et al., 2006). However, in this study,
MSM did not enhance chile pepper yield,
suggesting that our postemergence applica-
tions of MSM did not fertilize chile pepper
plants. Similarities in crop yield between
MSM-treated plots and nontreated control
plots might also have been caused by the
low abundance of weeds and soilborne path-
ogens in control plots at each study site.
Further research that attempts to develop
procedures for using MSM as both a fertilizer
and biopesticide should be conducted in
fields with high levels of weeds and soilborne
diseases. Such study sites would clarify the
fertilizer and pesticidal benefits of postemer-
gence applications of MSM.

Conclusion

MSM can be applied after crop emer-
gence to target late-season weeds and soil-
borne pathogens in chile pepper. For these
postemergence applications of MSM, we
recommend incorporating MSM into soil that
occurs between crop rows, thereby minimiz-
ing opportunity for MSM to injure chile
pepper plants. Although this study deter-
mined that postemergence, incorporated ap-
plications of MSM do not cause irrecoverable
injury and yield loss in chile pepper, further
research is needed to determine the safety of
postemergence applications of MSM in other
crops. Improved knowledge of crop tolerance
to postemergence applications of MSM may
increase the use of this biopesticide for si-
multaneously targeting weeds and soilborne
diseases in conventional and organic crop-
ping systems.
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