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Anaerobic soil disinfestation (ASD) is a viable option for disease management

in tomato production and reduces damage due to a soilborne disease complex

consisting of Pyrenochaeta lycopersici, Colletotrichum coccodes, Verticillium dahliae,

and Meloidogyne spp. There are plentiful options for ASD carbon sources using

byproducts of Midwestern United States agriculture or cover crops, yet these carbon

sources have not been evaluated for use in Midwestern settings. Low (10.1 Mg/ha)

and high (20.2 Mg/ha) rates of corn gluten meal, distillers dried grains, soybean

meal, wheat bran, and dry sweet whey were evaluated as ASD carbon sources in

growth chamber and greenhouse bioassays. Cover crops including buckwheat, cowpea,

crimson clover, mustard, oilseed radish, sorghum-sudangrass, white clover, and winter

rye were evaluated in similar bioassays with one amendment rate (20.2 Mg/ha). Reducing

conditions developed in soils regardless of carbon source or rate. Use of high rates

of corn gluten meal, distillers dried grains, soybean meal, and wheat bran led to the

lowest levels of root rot severity compared to non-treated controls. The higher rate of

any byproduct carbon source was always more effective than the lower rate in reducing

root rot severity. Use of both rates of soybean meal or corn gluten meal and the high

rate of distillers dried grains or dry sweet whey led to significant increases in dry root

and shoot biomass compared to controls. For cover crops, ASD with crimson clover,

sorghum-sudangrass, white clover, or winter rye amendments reduced root rot severity

relative to the aerobic control, but not relative to the anaerobic control. Use of cover

crops did not significantly impact plant biomass. A subset of three ASD carbon sources

[distillers dried grains, soybean meal, and wheat middlings (midds), all 20.2 Mg/ha] were

evaluated in five on-farm ASD trials in high tunnels. Soil temperatures were low during

the application period, limiting treatment efficacy. Reducing conditions developed in all

soils during ASD treatment, and a moderate but significant reduction in root rot severity
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was observed following ASD with the soybean meal or wheat midds compared to ASD

with distillers dried grains. Tomato yield was not significantly affected by ASD treatment.

Keywords: Pyrenochaeta lycopersici, Colletotrichum coccodes, Meloidogyne, soil amendment, disease

management, Verticillium dahliae

INTRODUCTION

Protected culture tomato production in Ohio is constrained
by a soilborne disease complex consisting of corky root rot
(Pyrenochaeta lycopersici), black dot root rot (Colletotrichum
coccodes), Verticillium wilt (Verticillium dahliae), and root-
knot nematodes (Meloidogyne hapla and Meloidogyne incognita)
(Vrisman et al., 2017; Testen and Miller, 2018; Testen et al.,
2020). Based on a state-wide survey, members of this complex are
prevalent in Ohio high tunnels with P. lycopersici present on 50%
of farms, C. coccodes present on 97% of farms, V. dahliae present
on 75% of farms and root-knot nematodes present on 56% of
farms (Testen et al., 2020). Fusarium, Rhizoctonia, and Pythium
spp. likely also damage tomatoes but occur less frequently
than the four core pathogens. The recommended approach for
managing this soilborne disease complex relies on anaerobic soil
disinfestation (ASD), usually applied in autumn, and grafting
susceptible cultivars onto disease-resistant rootstocks (Testen
and Miller, 2018; Testen et al., 2020).

Anaerobic soil disinfestation is a soilborne disease
management strategy mediated by native soil microbial
populations (Blok et al., 2000; Momma et al., 2013). The efficacy
of ASD against the soilborne disease complex depends on carbon
source (Testen and Miller, 2018), as soilborne fungi vary in
their sensitivity to ASD with wheat bran, molasses, or ethanol.
Root-knot nematodes are highly sensitive to ASD regardless
of carbon sources examined to date (Katase et al., 2009; Butler
et al., 2012b; Testen and Miller, 2018, 2019). While the efficacy
of wheat bran and molasses as ASD carbon sources has been
demonstrated in Midwestern production systems (Testen and
Miller, 2018, 2019; Testen et al., 2020), there are more potential
ASD carbon sources, including cover crops, yet to be examined
for efficacy against the tomato soilborne disease complex.

Carbon sources for ASD should be readily available,
inexpensive, and easily broken down by soil microbial
populations. Agricultural byproducts, usually those sold as
animal feed, meet these criteria. The availability and cost of these
byproducts varies by region within the United States, depending
on local agricultural industries. Agricultural byproducts
commonly studied as ASD carbon sources include brans (Yossen
et al., 2008; Momma et al., 2010; Shennan et al., 2018; Testen and
Miller, 2019), seed meals (Shennan et al., 2018), molasses and
molasses products (Butler et al., 2012a; McCarty et al., 2014),
ethanol (Momma et al., 2010; Hewavitharana et al., 2014; Testen
and Miller, 2018), crop residues (Blok et al., 2000; Messiha
et al., 2007), pomaces (Domínguez et al., 2014; Achmon et al.,
2016; Serrano-Pérez et al., 2017), poultry litter (Butler et al.,
2012a), manures (Núñez-Zofío et al., 2011; López-Robles et al.,
2013; Hewavitharana et al., 2014; Khadka et al., 2020), and
high protein, fermented products (Ludeking et al., 2011; van
Overbeek et al., 2014). Cover crops have potential as ASD carbon

sources because they can be produced in situ and can be used
to supplement agricultural byproducts as ASD amendments.
Various grass, Brassicaceous, and legume cover crops have
been used in ASD studies (Blok et al., 2000; Goud et al., 2004;
Lamers et al., 2010; Núñez-Zofío et al., 2011; Butler et al., 2012b;
Hewavitharana et al., 2014; Korthals et al., 2014; McCarty et al.,
2014; Vecchia et al., 2020). As soils, soilborne pathogens, soil
microbial communities, and cropping systems differ across
regions, it is essential to test the efficacy of various carbon
sources when ASD is introduced to a new region (Strauss and
Kluepfel, 2015).

The objective of this study was to determine which alternative
ASD carbon sources, including cover crops, could effectively
reduce damage from the tomato soilborne disease complex, in
order to provideMidwestern growers with a range of amendment
options. Carbon sources were selected so that they would be
appropriate for use byMidwestern growers, meaning they should
be readily available at feed mills and relatively inexpensive,
or can be produced on-farm. These carbon sources, including
cover crops, were assessed in growth chamber and greenhouse
bioassays and a subset of these carbon sources were assessed in
on-farm trials.

MATERIALS AND METHODS

Agricultural Byproduct Carbon Source
Screening
Corn gluten meal (CG), distillers dried grain (DG), soybean
meal (SM), wheat bran (WB), and dry sweet whey (WY)
were tested for efficacy as ASD carbon sources at high (H:
20.2 Mg/ha) and low (L: 10.1 Mg/ha) rates. Carbon sources
were obtained from The Ohio State University Feedstock
Processing Research Facility in Wooster, OH. Wheat bran was
included as a standard carbon source known to be effective
in ASD against the tomato soilborne disease complex (Testen
and Miller, 2018). Soils from tomato high tunnels in three
Ohio counties (Wayne, Erie, and Highland) with a known
history of soilborne diseases were used in these experiments.
Experiments were laid in a randomized complete block design
(RCBD) with five replications. One replication consisted of
one cup containing one tomato plant. Each experiment was
conducted twice.

Soils were placed in 266mL plastic cups (Hefty, Reynolds
Consumer Products, USA), amended with a carbon source,
flooded to saturation with sterile distilled water, covered with
black polyethylene mulch (1.5mm super strength embossed
mulch, blend of LDPE and LLDPE, PolyExpert, Quebec,
Canada), and sealed with rubber bands and electrical tape.
Two controls were used in these experiments, a non-amended,
flooded, covered control (anaerobic control) and a non-amended,
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flooded, uncovered control (aerobic control). An iron oxide-
painted, 7.62 by 0.635 cm diameter PVC IRIS (Indicator
of Reduction in Soils) rod (Rabenhorst and Burch, 2006;
Rabenhorst, 2008) (Professional Plastics, Fullerton, CA) was
inserted fully into the saturated soil in each cup prior to sealing.
Cups were placed in a growth chamber at 25◦C in the dark.

After 4 weeks, cups were removed from the growth chamber,
plastic mulch removed, IRIS rods were removed, five holes were
punched into the bottom of the cups using a nail, and cups
were returned to the growth chamber for 6 days to dry. Iron
oxide paint loss was visually assessed after rinsing the IRIS rods
in tap water. After drying, soils were placed in a plastic bag
and homogenized with a rubber mallet. Homogenized soils were
returned to cups and one 2-week-old tomato “Moneymaker”
seedling (seed source: Everwilde Farms, Bloomer, WI) was placed
in each pot exactly 1 week after the end of ASD treatments. Plants
were fertilized once weekly with a 20–20–20 N–P–K fertilizer
solution. Tomatoes were grown in the greenhouse in the same
RCBD arrangement for 9 weeks, at which time plants were
harvested and roots were washed in tap water.

Roots were evaluated for both root rot severity (percent of
roots rotted or discolored) and taproot rot severity using a 1 to
5 scale [1: no taproot rot, 2: 1 to 2 small lesions on the taproot, 3:
multiple lesions covering<50% of the taproot, 4: multiple lesions
covering more than 50% of the taproot, 5: taproot completely
rotten or missing (Testen and Miller, 2018)]. Following root
rating, a random subsample of roots was taken from each
plant and surface disinfested in 0.6% sodium hypochlorite for
15 s, followed by a sterile water rinse. Five, 2–3mm long root
pieces from each random subsample were plated onto each of
three plates of half strength potato dextrose agar (½APDA, IBI
Scientific, Dubuque, IA) for a total of 15 root pieces plated
per plant. After 2 weeks, fungi growing on the medium were
identified morphologically. Following plating, all aboveground
tissue (harvested at the soil line) and roots were dried in a 65◦C
oven for 48 h to obtain dry shoot and root biomass.

Cover Crops Carbon Source Trial
Eight cover crops were assessed for efficacy as ASD carbon
sources: two grasses (Sorghum-sudangrass Sorghum ×

drummondii “Piper” and winter rye Secale cereale), three
legumes (cowpea Vigna unguiculata “Iron and Clay,” crimson
clover Trifolium incarnatum, and white clover Trifolium repens),
two Brassicas (mustard Brassica juncea “Mighty Mustard Pacific
Gold” and oilseed radish Raphanus sativus), and buckwheat
(Fagopyrum esculentum). All seeds were obtained from Johnny’s
Selected Seeds (Fairfield, ME). Cover crops were direct seeded
(5–7 seeds per pot) in a topsoil blend in Deepots (D40H, Steuwe
and Sons, Tangent, Oregon) and were fertilized weekly as
described above. After seven weeks, the aboveground portion of
the cover crop was harvested and cut by hand into 0.25–0.75 cm
pieces. Portions of the taproot were included in the radish cut
pieces. Cover crops were mixed at a rate of 20.2 Mg/ha fresh
biomass with soil obtained from a high tunnel in Highland
County, OH and placed into 266mL cups. Experiments were laid
as a randomized complete block design with five replications.
One replication consisted of one cup containing one tomato

plant. Each experiment was conducted twice. Wheat middlings
(midds) were included as a separate treatment, as a known
effective ASD carbon source. Wheat midds are nutritionally
similar to but less costly than wheat bran.Wheat bran is the outer
seed covering, while midds are the wheat remnants following
flour production. IRIS rods were placed into cups, soils were
irrigated to saturation with sterile distilled water, and cups were
sealed and placed into a growth chamber as described above.
The ASD treatment, planting, root rot assessment, and root
plating were conducted as described above for the agricultural
byproduct carbon source screening. Only 10 root pieces per
plant (two plates with five root pieces each) were plated for the
cover crops experiments. Following plating, all aboveground
tissue (harvested at the soil line) and roots were dried in a 65◦C
oven for 48 h to obtain shoot and root biomass.

On-Farm ASD Trials
Anaerobic soil disinfestation trials were established in high
tunnels on five farms in Wayne (one trial), Holmes (one),
Morrow (one), and Knox (two) Ohio counties and a randomized
complete block design with four replications was established in
each high tunnel. Plots were one m wide and ranged in length
from 3 to 9.1m, depending on the size of the high tunnel. Plots
were amended with either wheat midds (ASD-WM), soybean
meal (ASD-SM), or distillers dried grains (ASD-DG) at a rate
of 20.2 Mg/ha. Carbon sources were obtained from Gerber Feed
Services (Dalton, OH, USA). Carbon sources were spread over
the treated area and incorporated to a depth of 10–15 cm using
a walk behind rototiller. Beds were formed by hand and two
lines of drip tape were laid on top of each bed. Three, 30-cm-
long IRIS tubes (1.27 cm diameter PVC pipes) were placed in the
center of each plot. A HOBO temperature pendant data logger
(Onset Computer Corporation, Bourne, MA, USA) was placed in
one plot of each treatment per trial. Black plastic mulch (1.5mm
embossed, 1.2m wide, PolyExpert Inc., Laval, QC, Canada) was
laid over each bed, and the sides of the mulch were covered with
soil to prevent air exchange. Non-amended, covered plots served
as anaerobic controls. Drip irrigation was applied to all plots until
soils were saturated to a depth of 20 cm. Plots remained covered
for 6 weeks. Trials were initiated in October 2018. Iron oxide
paint loss was assessed on IRIS tubes using the visual grid method
(Rabenhorst, 2012).

Soils were collected from each on-farm trial immediately
following the end of ASD to determine the impacts of the
treatments on root rot severity in a post-ASD bioassay. Post-
ASD bioassays were laid in a randomized complete block design
with four subsamples per sampled plot. One subsample consisted
of one cup containing one tomato plant. Soils were placed in
Deepots (D16H) and tomato “Moneymaker” seeds were directly
sown into the pots and thinned to one plant per pot. Plants
were grown for 9 weeks in the greenhouse (12 h day/night
cycle, temperature range: 24–30◦C) and then assessed for root
rot severity, taproot rot severity, root-knot nematode galling
(number of galls per root system) as described above, and dry root
and shoot biomasses. Following root rating, a random subsample
of roots was surface disinfested and plated onto ½APDA as
described above. Ten root pieces were plated per plant (two plates
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FIGURE 1 | Effects of anaerobic soil disinfestation (ASD) carbon sources and amendment rates on (A) soil reducing conditions as indicated by iron oxide paint loss on

IRIS rods, (B) root rot severity, (C) dry shoot biomass, and (D) dry root biomass. Corn gluten meal (CG), distillers dried grains (DG), soybean meal (SM), wheat bran

(WB), and dry sweet whey (WY) were evaluated as ASD carbon sources in bioassays at low (L, 10.1 Mg/ha) and high (H, 20.2 Mg/ha) amendment rates and

performance was compared to aerobic and anaerobic controls. Treatment means are indicated by diamonds and means that do not share the same letters differ

significantly based on Tukey’s HSD with a 95% family-wise confidence level.

of five root pieces each), and plates were observed 2 weeks later
to identify fungi morphologically.

Tomatoes were planted in on-farm trials in March to April
2019. Farmers grew their preferred tomato varieties (Knox 1
and Knox 2: “Mountain Fresh,” Morrow: “Red Deuce,” Holmes:
“Bigdena,” Wayne: none: high tunnel structural failure), and

trials were managed according to farmers’ normal production
practices. Participating farmers recorded yield data from three
plants in the center of each plot during the growing season
(Wayne and Knox 1 trials excepted). In August 2019, roots were
collected from these three plants and assessed for root rot severity
(Wayne and Knox 2 trials excepted).
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FIGURE 2 | Taproot rot severity of bioassay plants grown in soils subjected to anaerobic soil disinfestation (ASD) using (A) various agricultural byproduct carbon

sources, (B) cover crop carbon sources, or (C) a subset of ASD carbon sources evaluated in on-farm trials. Roots were rated on a 1–5 scale with 1: taproot healthy, 2:

one to two small lesions or slight discoloration on taproot, 3: multiple lesions covering <50% of the taproot, 4: multiple lesions covering more than 50% of the taproot,

5: taproot completely rotten or missing. Proportional odds ratios are shown, along with confidence intervals, with a star indicating significance at P <0.05. Odds ratios

of <1 indicate that an ASD treatment was associated with lower taproot rot ratings compared to a control, while odds ratios of >1 indicate that an ASD treatment was

associated with higher taproot rot ratings compared to a control.

Statistics
Bioassay and field trial data were combined for analysis to assess
overall impacts of carbon sources across environments and soil or

location (environments) were used as random blocking factors.
Data were analyzed using mixed effects general linear models
in Minitab 17 (Minitab Inc. State College, PA) with treatment
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as a fixed factor and soil (or location), experimental run, and
block as random factors. Pairwise comparisons were made using
Tukey’s HSD with a 5% familywise error rate. Percentages were
subjected to the arcsine transformation prior to data analysis.
A proportional ordinal logistic regression model using the
LOGISTIC procedure of SAS statistical software (version 9.4,
SAS Institute Inc., Cary, NC (Allison, 1999; Derr, 2013) (Allison,
1999; Derr, 2013) was used to calculate odds ratios (OR) for
taproot rot ratings from post-ASD bioassays. Odds ratios of <1
indicated that a treatment was associated with lower taproot rot
ratings compared to a control, while odds ratios of >1 indicate
that a treatment was associated with higher taproot rot ratings
compared to a control.

RESULTS

Impacts of Alternative ASD Carbon
Sources and Rates on Root Rot Severity in
Tomato
Reducing conditions developed in all ASD-treated soils,
regardless of carbon source and rate, and the amount of
iron oxide paint loss from IRIS tubes was significantly more
(Figure 1A, p < 0.0001) for all amended ASD-treated soils
than for the aerobic and anaerobic controls. Significantly more
iron oxide paint was lost from IRIS tubes in ASD-treated soils
amended with DG-H than in soils amended with WB-L or
either dry sweet whey amendment rate. The correlation between
percentage of iron oxide paint loss and root rot severity was
−0.61 (p < 0.0001).

Anaerobic soil disinfestation with either rate of any carbon
source significantly reduced tomato root rot severity compared
to the aerobic control (Figure 1B, p < 0.0001), and with the
exception of WY-L, compared to the anaerobic control. Root
rot severity was significantly lower for tomato plants grown
in ASD-treated soil amended with the high rate of DG, SM,
and WY than the low rate of each corresponding amendment,
but there was no significant effect of rate when CG and WB
were used as carbon sources. Both rates of all carbon sources
significantly lowered the odds of having a higher taproot rot
rating relative to the aerobic and anaerobic controls (Figure 2A,
p < 0.0001). The anaerobic and aerobic controls did not differ
significantly for proportional odds ratios associated with taproot
rot severity. The incidence of C. coccodes recovered from roots
was not significantly affected by ASD soil treatment (Table 1,
p = 0.17). Fusarium spp. recovery was significantly lower from
roots of plants grown in ASD-treated soils regardless of carbon
source or rate, with the exception of WY-L, compared to the
aerobic control. Only the ASD treatment with CG-H significantly
reduced Fusarium spp. recovery compared to the anaerobic
control. Significantly less P. lycopersici root colonization (Table 1,
p = 0.007) was observed for plants grown in ASD-treated soils
amended with DG-H andCG-H compared to the aerobic control.

Root rot severity for plants grown in soils subjected to ASD
at low amendment rates trended higher than at high amendment
rates, so data were subset by individual carbon sources to examine
the impact of amendment rate. General linear models were run

TABLE 1 | Average incidence of root piece infection by various fungi for plants

grown in soils treated with anaerobic soil disinfestation with various agricultural

byproduct carbon sources at low (10.1 Mg/ha) or high (20.2 Mg/ha)

amendment rates.

Fusarium

spp.

Colletotrichum

coccodes

Pyrenochaeta

lycopersici

Corn gluten-low 6.9 bcdx,y 38.0 4.4ab

Corn gluten-high 1.4d 28.3 1.4b

Distiller’s dried grains-low 2.4cd 34.2 4.7ab

Distiller’s dried grains-high 1.8cd 40.5 2.5b

Soybean meal-low 4.6bcd 35.3 5.1ab

Soybean meal-high 4.5bcd 27.4 4.5ab

Dry sweet whey-low 8.4ab 26.2 5.8ab

Dry sweet whey-high 4.2bcd 29.8 5.8ab

Wheat bran-low 4.7bcd 25.6 5.8ab

Wheat bran-high 3.0cd 26.2 4.4ab

Aerobic 13.8a 24.7 10.7a

Anaerobic 7.4bc 34.7 5.3ab

P-valuez <0.0001 0.173 0.007

zAnalysis of variance p-value for treatment effect.
yPercentage of root pieces per plant from which each fungus was recovered.
xMeans that do not share the same letters differ significantly based on Tukey’s HSD with

a 95% family-wise confidence level.

on subset data to assess rate effects for individual carbon sources.
Root rot severity differed significantly by rate for each individual
carbon source (p-value range: 0.001–0.045) indicating that use of
a higher amendment rate consistently led to lower levels of root
rot severity compared to use of a low amendment rate.

Anaerobic soil disinfestation with agricultural byproducts
significantly affected both dry shoot (Figure 1C, p < 0.0001)
and dry root biomass (Figure 1D, p < 0.0001). Shoot and root
biomass of plants grown in soils amended with either wheat bran
rate, DG-L or WY-L did not differ significantly from the shoot
and root biomass of control plants. Significantly higher shoot and
root biomass was observed in plants grown in soils amended with
either rate of soybean or corn gluten meal, DG-H or WY-H and
subjected to ASD compared to control plants.

Impacts of Cover Crops as ASD Carbon
Sources on Root Rot Severity in Tomato
Reducing conditions developed in soils following ASDwith cover
crops, and the percentage of iron oxide paint removal with any
cover crop amendment was significantly higher (Figure 3A, p <

0.0001) than in either control treatment. The highest amount of
iron oxide paint removal was observed in wheat midds-amended
soils (98%) and this was significantly higher than the amount of
iron oxide paint removal in any cover crop-amended soil. Among
the cover crop-amended, ASD-treated soils, the highest amounts
of iron oxide paint removal were observed for soils amended
with sorghum-sudangrass (63.5%), crimson clover (60%), white
clover (45.5%), and winter rye (41.1%). The lowest levels of iron
oxide paint removal were observed in soil amended with cowpea
(38.5%), buckwheat (15.2%), oilseed radish (13.7%), andmustard
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FIGURE 3 | Effects of cover crops as anaerobic soil disinfestation carbon sources on (A) soil reducing conditions as indicated by iron oxide paint loss on IRIS rods,

(B) root rot severity, (C) dry shoot biomass and (D) dry root biomass. Cover crop ASD treatment (20.2 Mg/ha) amendment rates were compared to aerobic and

anaerobic controls and a standard ASD treatment with wheat midds amendment. Treatments means are indicated by diamonds and means that do not share the

same letters differ significantly based on Tukey’s HSD with a 95% family-wise confidence level.

(13.2%). The correlation between the percentage of iron oxide
paint loss and root rot severity was−0.48 (p < 0.0001).

Root rot severity was significantly impacted by ASD treatment
(Figure 3B, p < 0.0001). A significant reduction in root rot
severity was observed in plants grown in soils amended with
wheat midds compared to plants grown in either control soil.
No cover crop amendment significantly reduced root rot severity

relative to the anaerobic control, but ASD with crimson clover,
sorghum-sudangrass, white clover, or winter rye significantly
reduced root rot severity relative to the aerobic control. All cover
crops assessed led to significantly lower odds of increased taproot
severity relative to the aerobic control (Figure 2B, p < 0.0001).
Use of buckwheat, cowpea, and mustard did not significantly
impact odds of higher taproot rot ratings relative to the anaerobic
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control, while amendment with all other cover crops significantly
reduced odds relative to the anaerobic control. Plants grown in
cover crop-amended ASD-treated soils or either control soil had
significantly higher odds of increased taproot rot ratings relative
to those grown in soils amended with wheat midds and subjected
to ASD. No ASD treatment significantly reduced the recovery of
P. lycopersici (Table 2, p = 0.063) or C. coccodes (p = 0.49) from
roots. The incidence of Fusarium spp. recovery from roots was
reduced significantly (Table 2, p = 0.003) for plants grown in
wheat midds-amended soils compared to plants grown in aerobic
control soils or soils amended with oilseed radish. Anaerobic
soil disinfestation with cover crops as carbon sources did not
significantly affect either dry shoot (Figure 3C, p = 0.18) or root
(Figure 3D, p= 0.19) biomass.

Soil Temperatures and Soil Reducing
Conditions in On-Farm ASD Trials
Average soil temperatures over the treatment period were low,
ranging from 12.0 to 17.3◦C (Table 3).

TABLE 2 | Average incidence of root piece infection by various fungi for plants

grown in soils treated with anaerobic soil disinfestation with various cover crop

carbon sources and a wheat midds standard (20.2 Mg/ha).

Fusarium spp. Colletotrichum

coccodes

Pyrenochaeta

lycopersici

Buckwheat 32.0abx,y 0.0 10.0

Cowpea 28.0ab 0.0 13.0

Crimson clover 11.4ab 2.9 21.4

Mustard 26.0ab 1.0 9.0

Oilseed radish 33.0a 3.0 11.0

Sorghum sudangrass 18.0ab 3.0 12.0

White clover 12.0ab 3.0 15.0

Winter rye 17.8ab 1.1 12.2

Wheat midds 5.0b 0.0 3.0

Aerobic 34.0a 1.0 23.0

Anaerobic 25.6ab 2.2 15.6

P-valuez 0.003 0.49 0.063

zAnalysis of variance p-value for treatment effect.
yPercentage of root pieces per plant for which each fungus was recovered.
xMeans that do not share the same letters differ significantly based on Tukey’s HSD with

a 95% family-wise confidence level.

Reducing conditions developed in all ASD-treated plots
(Table 4, p < 0.0001). The highest levels of iron oxide paint
removal were observed in plots amended with soybean meal
(37.4%), followed by plots amended with distillers dried grains
(32.7%) and wheat midds (28.7%). Iron oxide paint loss was
significantly higher in plots amended with soybean meal than
in plots amended with wheat midds. All ASD treatments led to
significantly higher amounts of iron oxide paint loss compared
to control soils.

Impacts of ASD on Yield and Root Rot in
On-Farm Trials
In post-ASD bioassays, root rot severity was significantly affected
by treatment (Table 5, p = 0.002) as were dry shoot biomass (p
< 0.0001) and dry root biomass (p = 0.008). Root rot severity
in plants grown in soils collected from ASD-SM-treated plots
(13.7%) was significantly lower than root rot severity in plants
grown in soils collected from anaerobic control plots (18.4%).
The odds of higher taproot rot ratings were significantly reduced
(Figure 2C, p < 0.0001) for plants grown in ASD-treated soils
amended with either wheat midds or soybean meal relative to
plants grown in soils collected from anaerobic control plots
(Figure 2C, p < 0.0001). Anaerobic soil disinfestation did not
significantly reduce the incidence of Fusarium spp. (Table 6, p
= 0.15) or C. coccodes (p= 0.68) recovered from plants grown in
treated vs. control soils. The incidence of P. lycopersici recovered
from plants grown in soils treated with ASD-WM (10.8% of root
pieces, p= 0.004) was significantly lower than incidence in plants
grown in soils collected from ASD-DG (19.9%) or anaerobic
control (18.8%) plots. Dry shoot biomass was significantly higher
in plants grown in ASD-treated soils with any amendment
compared to plants grown in soils collected from control plots
(Table 5). Dry root biomass was significantly higher for plants
grown in soils collected from plots treated with either ASD-
WM or ASD-DG compared to plants grown in soils collected
from control plots. Root-knot nematodes were present in the
Wayne trial post-ASD bioassays. Root-knot nematode galling
was significantly reduced (p = 0.003) in plants grown in soils
from any ASD treatment (ASD-SM: 0.9 galls per root system,
ASD-DG: 1.7, ASD-WM: 1.9) compared to plants grown in soils
collected from control plots (8.2 galls per root system).

The Wayne trial was lost due to a high tunnel collapse in
the winter of 2019, but post-ASD bioassays were completed for
this trial. Due to extenuating circumstances, yield data were not

TABLE 3 | Average soil temperatures (◦C) during anaerobic soil disinfestation treatment in on-farm trials assessing distiller’s dried grains, soybean meal, and wheat midds

as carbon sources (20.2 Mg/ha).

Temps Holmes Knox 1 Knox 2 Morrow Wayne

Distiller’s dried grains 14.9 17.3 NDz 14.6 12.9

Soybean meal 14.9 17.3 17.0 ND 12.8

Wheat midds 14.8 17.1 16.4 14.7 13.0

Anaerobic control 14.4 16.4 17.0 ND 12.0

zNo data due to probe failure.
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TABLE 4 | Mean soil reducing conditions, root rot severity, and yield from on-farm

trials conducted to assess three anaerobic soil disinfestation carbon sources (20.2

Mg/ha).

Percent iron

oxide paint

lossy

Root rotw Yieldv

Distiller’s dried grains 32.7abx 42.3a 5.1

Soybean meal 37.4a 28.0b 6.1

Wheat midds 28.7b 28.5b 6.1

Anaerobic control 0.8c 39.6ab 5.1

P-valuez <0.0001 0.005 0.14

zAnalysis of variance p-value for treatment effect.
yPercent of iron oxide paint lost from Indicator of reduction in soils (IRIS) tubes (Data from

six trials).
xMeans that do not share the same letters differ significantly based on Tukey’s HSD with

a 95% family-wise confidence level.
wPercent roots rotted or discolored from three trials (Wayne and Knox 1 excluded).
vYield per plant in kilograms from three trials (Wayne and Knox 2 excluded).

TABLE 5 | Impacts of anaerobic soil disinfestation (ASD) on root rot severity, root

biomass, and shoot biomass in post-ASD bioassays using soils collected from

plots treated in on-farm trials.

Root roty Shoot biomassw Root biomassw

Distiller’s dried grains 17.1a 2.9a 0.45a

Soybean meal 13.7b 2.8a 0.42ab

Wheat midds 15.3ab 2.9a 0.44a

Anaerobic control 18.4a 2.0b 0.36b

P-valuez 0.002 <0.0001 0.008

zAnalysis of variance p-value for treatment effect.
yPercent root rotted and discolored.
xMeans that do not share the same letters differ significantly based on Tukey’s HSD with

a 95% family-wise confidence level.
wDry shoot and dry root biomass in grams.

obtained from the Knox 2 trial and root rot severity data were not
obtained from the Knox 1 trial.

Anaerobic soil disinfestation did not significantly impact
average yield per plant in on-farm trials (Table 4, p = 0.14).
Root rot severity in high tunnel-grown plants was significantly
impacted by ASD treatment in on-farm trials (p = 0.005). Root
rot severity was significantly lower for plants grown in plots
treated with ASD-SM or ASD-WM compared to plants grown
in ASD-DG soils. No treatment differed significantly from the
anaerobic control, but ASD-SM and ASD-WM root rot severity
trended lower.

DISCUSSION

Anaerobic soil disinfestation is effective for management of the
tomato soilborne disease complex (Testen and Miller, 2018;
Testen et al., 2020). To improve this management strategy
for Midwestern vegetable growers, we assessed alternative ASD
carbon sources, including cover crops, to determine their impact
on root rot severity due caused by P. lycopersici and C.

TABLE 6 | Average incidence of root piece infection by various fungi for plants

grown in post-ASD bioassays using soils treated on-farm with anaerobic soil

disinfestation with various carbon sources (20.2 Mg/ha).

Fusarium spp. Colletotrichum

coccodes

Pyrenochaeta

lycopersici

Distiller’s dried grains 13.8y 16.6 19.9ax

Soybean meal 14.3 13.7 12.5ab

Wheat midds 19.2 15.5 10.8b

Anaerobic control 14.6 16.6 18.8a

P-valuez 0.15 0.68 0.004

zAnalysis of variance p-value for treatment effect.
yPercentage of root pieces per plant for which each fungus was recovered.
xMeans that do not share the same letters differ significantly based on Tukey’s HSD with

a 95% family-wise confidence level.

coccodes. Carbon sources were evaluated in growth chamber
and greenhouse bioassays, and several amendments resulted in
reduced root rot severity following ASD treatment. While a
subset of carbon sources was evaluated in on-farm trials, their
full efficacy was likely not realized due to unusually low soil
temperatures during the treatment period.

Agricultural byproducts are easy to procure and relatively
inexpensive as ASD carbon sources. Based on 2020 pricing at
a feed mill in Northeastern Ohio, the least expensive carbon
sources were wheat midds, distillers dried grains and corn gluten
feed [all $0.30 (USD) per kilogram] while soybean meal and
dry sweet whey cost $0.43 and $1.31 per kilogram, respectively.
Wheat midds are nutritionally equivalent to but less costly than
wheat bran, while corn gluten feed is a corn processing byproduct
with a lower protein (22% protein) content than corn gluten
meal (Feedipedia, 2020). No carbon source outperformed wheat
bran, a proven ASD standard, for reducing root rot severity.
Two carbon sources are not realistic options for Midwestern
growers. Whey is not realistic due to high cost and a lack of
efficacy at low amendment rates. Corn gluten meal was not
evaluated in field trials due to potential phytotoxicity as corn
gluten meal is a known bioherbicide (Bingaman and Christians,
1995). The bioherbicide effects of corn gluten meal survived the
ASD process. When tomato seeds were directly sown into soils
treated after ASD with corn gluten meal, reduced germination
and phytotoxicity were observed (data not shown), in line with
the pre-emergent herbicide characteristics of corn gluten meal
(McDade and Christians, 2000). This led to the need to transplant
2-week-old tomato seedlings in bioassays. Corn gluten meal may
be a viable option as transplants are used for tomato production,
but field trials are needed to confirm this, and corn gluten feed
may be a less phytotoxic and less expensive alternative to corn
gluten meal.

Lowering ASD carbon source amendment rates while
maintaining treatment efficacy would greatly reduce input costs.
While low amendment rates for soybean meal, distiller’s grains
and wheat midds led to significant reductions in root rot severity
after ASD compared to controls in this study, the reductions
were less than those observed when high amendment rates were
used. Therefore, high amendment rates are needed for effective
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control of the tomato soilborne disease complex. High carbon
source rates are especially needed for autumn applications of
ASD when pathogen populations are at their highest following
a cropping cycle. Further research is needed to determine the
lowest amendment rate that is as effective as the 20.2 Mg/ha
amendment rate. One key limitation to amendment rate studies
is a lack of pathogen population thresholds associated with yield
losses. This information would help to determine whether an
ASD carbon source and rate is sufficient to manage root rot. In a
meta-analysis of ASD studies, higher carbon source amendment
rates tended to lead to greater reductions in soilborne disease
damage (Shrestha et al., 2016), so it is likely thatmost amendment
recommendations will trend toward use of higher rates.

When working with disease complexes, it can be difficult to
determine which pathogens are most affected by the imposed
treatment as the impacts of ASD occur in a carbon source
dependent manner (Hewavitharana et al., 2014; Testen and
Miller, 2018). Assessment of root rot severity is a general measure
of the impacts of ASD on root rotting fungi, while assessment
of taproot severity allows us to infer effects on P. lycopersici.
While all agricultural byproducts, with the exception of WY-
L, reduced recovery of Fusarium spp. compared to the aerobic
control, only high rates of corn gluten and distillers dried
grains similarly reduced P. lycopersici recovery. No cover crop
significantly reduced recovery of any soilborne fungus from
roots after ASD, but use of wheat midds in that trial reduced
incidence of Fusarium spp. compared to the aerobic control. Use
of wheat midds in on-farm trials significantly reduced incidence
of P. lycopersici in roots. We did not observe a carbon source
that reduced the incidence of C. coccodes recovery in any study
presented here. Testen and Miller (2018) demonstrated that use
of wheat bran reduced the recovery frequency of P. lycopersici but
not C. coccodes following ASD. Most carbon sources examined
led to lower taproot rot severity compared to controls, which
indicates that P. lycopersici damage is reduced during ASD. Root-
knot nematode damage was reduced significantly following ASD
with any carbon source in the Wayne trial. This suggests that
root-knot nematodes are highly sensitive to ASD and pathogens
vary in their sensitivity to ASD applications at low temperatures.
Further studies are needed to clarify the efficacy of carbon sources
against specific members of the soilborne disease complex and
the differential sensitivity of pathogens to ASD carbon sources
suggests the need for carbon source mixtures.

Anaerobic soil disinfestation efficacy depends not just on
carbon source but also soil temperatures (Shennan et al., 2018),
and pathogen populations are more greatly reduced at warmer
soil temperatures (Shrestha et al., 2016). In Ohio, autumn
applications of ASD fit into tomato cropping cycles used by
most farmers, particularly in high tunnels. These autumn ASD
applications are made when soilborne pathogen populations are
at their highest. Another difficulty of autumn ASD application
is that soil temperatures may become too low for effective
treatments, especially if applications are made too late in the
season or temperatures drop earlier than anticipated. The average
soil temperatures in all on-farm trials were lower (average
temperatures ranged from 12.0 to 17.3◦C) than in other ASD
studies conducted in Ohio in which average soil temperatures

ranged from 16.3 to 27.8◦C for September and October high
tunnel applications (Testen et al., 2020) or 23.6 to 30.8◦C for
summer applications on muck soils (Testen and Miller, 2019).
Despite these lower soil temperatures, soil reducing conditions
as indicated by iron oxide paint loss were only slightly lower in
most trials compared to ASD trials conducted with warmer soil
temperatures (Testen and Miller, 2019; Testen et al., 2020). Soil
reducing conditions still develop at cool soil temperatures, even
if ASD does not effectively reduce soilborne pathogens (Shennan
et al., 2018). Average soil temperatures for effective management
of the tomato soilborne disease complex likely range from 20 to
25◦C, but further growth chamber assays are needed to identify
minimum average temperatures at which ASD is effective.

Cover crops had not been examined for control of the
tomato soilborne disease complex prior to this study, but they
did not prove to be as effective as carbon sources derived
from agricultural byproducts. Cover crop amendments led to
soil reducing conditions during ASD that were lower than
those obtained from use of agricultural byproducts. The grass
and clover amendments used in this study reduced root rot
relative to the aerobic control after ASD; crimson clover and
sorghum sudangrass reduced root rot severity equivalent to
wheat midds. No cover crop reduced taproot rot severity in
a manner equivalent to wheat midds, but taproot rot severity
was, in general, reduced compared to controls. Cover crop
amendments did not increase biomass, unlike biomass increases
observed with some agricultural byproducts. This may be due
to less overall nitrogen provided by cover crops compared
to high protein agricultural byproducts. Nutritional content
of the cover crops used in this study was not assessed but
cover crops can have protein contents in the same range as
some effective agricultural byproduct carbon sources, such as
wheat midds (15.5–17.3% protein). Crude protein content of
cover crops can range from 10 to 24% (Heins and Paulson,
2018), but this is very dependent on growing conditions.
Additionally, the carbon within cover crops may be less
available to soil microbes than the readily liable carbon in
ag byproducts, but this would need to be assessed in future
studies. Cover crops may be an option for more frequent ASD
applications or as a supplement to agricultural byproduct carbon
sources. Cover crops vary in their efficacy as ASD carbon
sources. They have been shown to be slightly more effective
in reducing Rhizoctonia populations than molasses as ASD
carbon sources (McCarty et al., 2014) or as effective as molasses
for reducing Fusarium oxysporum but not Sclerotium rolfsii
(Butler et al., 2012b).

This study demonstrated the efficacy of multiple carbon
sources used in ASD against the tomato soilborne disease
complex. While no carbon source significantly reduced root
rot significantly compared to controls in on-farm trials
due to low treatment soil temperatures, wheat bran and
midds, soybean meal, distillers dried grains, and corn gluten
meal consistently reduced disease in bioassays for which
soil temperatures were higher. Future studies to assess the
efficacy of carbon sources against specific pathogens at a
range of temperatures and timings would allow farmers to
fine-tune their carbon source selection for soil pathogens
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present on their farms and current weather conditions. Future
studies should also examine combinations of carbon sources
or use of cover crops to supplement carbon sources to
design ASD amendment mixtures to target a wider range of
soilborne pathogens.
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