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Organic tomato growers in West Virginia and neighboring states suffer serious economic losses each year due to
soil-borne wilt diseases caused by fungal pathogens including Verticillium dahliae. This study determined the
efficacies of biological control agents (BCAs – Serenade SOIL and Prestop), bio-fumigants and transplants grafted
to a resistant rootstock in suppressing wilt disease in heirloom tomato cv. Mortgage Lifter in a certified organic
production system in West Virginia in two consecutive years. Prestop and Serenade treatments resulted in higher
seedling vigor at the early stage. However, within 40 days of field set in the fungal pathogen infested soil, grafted
transplants (on resistant rootstock Maxifort) had the highest vigor followed by BCA treatments, biofumigation
with mustard cover crop and mustard meal and was lowest in nontreated control. All treatments showed
significantly lower Verticillium wilt severity index than control except mustard cover crop and Prestop in 2015
and 2016, respectively. Total fruit harvested over a six-week period indicated that yield from all but mustard
cover crop treatment were significantly (P < 0.001) higher compared to the nontreated control in 2015. How
ever, results from 2016 indicated that mustard cover crop would work best for both disease suppression and yield
enhancement when tissues were well macerated and incorporated immediately in the soil and covered with
impervious plastic for up to 10 days. In 2016, all treatments except Prestop produced higher tomato yield than
the nontreated control. In general, yield advantage over nontreated were in the order of grafted > bio-fumi
gation > BCA treatments > nontreated check. Between two BCAs, Bacillus subtilis (Serenade) consistently pro
vided better disease suppression and improved yield compared with Gliocladium catenulatum (Prestop) in both
years. Grafted plants produced 9.1 and 10.0 kg tomatoes/plant in 2015 and 2016, respectively, compared with
only 5.0 kg in nontreated control. Our results suggest that grafted transplants, biofumigation and selected BCA
should be useful for sustainable management of tomato wilt disease in organic production systems. An economic
analysis indicated that grafted tomato can provide the greatest net revenue followed by mustard meal bio
fumigation in farms infested with wilt causing pathogen.

1. Introduction
Soil-borne fungal and bacterial pathogen caused vascular wilt dis
eases are important plant diseases that limit crop production worldwide
(Tjamos and Beckman, 1989). Verticillium wilt, a major soil-borne dis
ease causes significant crop losses in tomato production in many coun
tries and states, including West Virginia (WV). Other soil inhabiting
pathogens of tomato like Fusarium oxysporum, Sclerotium rolfsii and
Ralstonia solanaceurum are also problematic; especially on heir
loom/vintage tomatoes and other susceptible cultivars. We identified

the problem of soil-borne fungal pathogens in wilted tomatoes collected
from farmers’ fields followed by isolation and analyses of the causal
agents at the West Virginia University (WVU) Plant Diagnostic Clinic.
General recommendations for managing soil-borne pathogens are to
rotate fields and use resistant varieties. However, some growers’ pref
erence for their favorite variety (e.g. heirloom cv. ‘Mortgage Lifter’) and
unavailability of suitable land areas to rotate warrants developing a
multi-tactics-based integrated pest management (IPM) method for bio
rational management of these notorious soil-borne pathogens. The most
effective chemical fumigant methyl bromide and other synthetic
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alternative products were used for controlling soil-borne fungi, bacteria,
nematodes and weeds in prime tomato production areas in the absence
of the option for crop rotation. However, organic growers of tomato
cannot use synthetic fumigants due to new regulations, and small con
ventional growers are not equipped for complicated application
methods. Small growers in the state of WV do not have enough acreage
to rotate their crop or leave the infested area fallow for a few years and,
in most cases, attempt to grow tomatoes despite potential risks posed by
soil-borne pathogens. In addition, backyard and organic growers prefer
organically acceptable products, especially those that can be applied by
themselves compared to custom applicators for managing diseases. The
number of organic growers in WV has been growing steadily over the
years. Therefore, development of a novel organically acceptable and
effective management strategy is needed. Several options such as bio
fumigation with a mustard cover crop, application of biocontrol agents
and transplants grafted to resistant rootstocks have been suggested as
potential tools for controlling the soil-borne tomato diseases in organic
agricultural systems. Biofumigation with isothiocyanate (ITC) produc
ing plants, especially some mustard varieties showed very good efficacy
(Hansen and Keinath, 2013) although inconsistency in the system and
level of disease suppression has restricted its widespread adoption
(Hartz et al., 2005; Motisi et al., 2010). Among the variables, study site,
stage of biofumigant plant incorporation and various methods of
entrapping gas in soil can significantly affect the level of disease sup
pression (Sarwar and Kirkegaard, 1998). Edaphic factors can also
greatly influence soil-borne disease control by biofumigation (Gimsing
et al., 2007), creating the need for site-specific testing. The predominant
soil texture in WV farms is silt loam. Efficacy of biofumigation and
biologically based products for managing soil-borne pathogens in silt
loam soils as affected by application timing (Gava et al., 2019) have not
been researched sufficiently.
Augmenting of beneficial microbial (bacterial and fungal) pop
ulations in soil or seed treatment with similar microbes showed potential
of reducing soilborne seedling diseases (Rahman and Punja, 2007).
However, application methods, strain specificity and timing of appli
cation of biological control agents may also influence the efficacy of
these products (Niu et al., 2020). Several lines of evidence suggest that
early colonization of root systems by biocontrol agents is necessary to
overcome competition or prevent infection by harmful microbes.
Sharma and Nowak (1998) tested plant growth and Verticillium wilt
development on ‘Bonny Best’, a susceptible tomato cultivar. Authors
inoculated tissue culture plantlets with Verticillium dahliae that were
co-cultured with beneficial bacteria during tissue culturing and
compared the disease on similar seedlings that were treated with
beneficial bacteria in vivo after 3 weeks of growth in the greenhouse.
Significantly higher plant growth due to Verticillium wilt suppression
was obtained from co-cultured tomato plants compared with in vivo
beneficial bacteria treated plants. This finding is very significant as it
indicates that pathogen invasion and colonization can be thwarted if
biocontrol agents are on the plant rhizosphere or phyllosphere early
enough. Microbes possessing antagonistic activity towards plant path
ogens have been used to reduce wilt diseases in many horticultural and
agronomic crops, including strawberry for protection against V. dahliae
(Berg et al., 2005), and for protection against Alternaria solani in tomato
(Babu et al., 2015).
Another non-chemical approach is the utilization of grafted tomatoes
on resistant rootstocks. This has also been highly successful in control
ling soil-borne diseases where good combinations of root stocks and
scions were established (Rysin et al., 2015) based on information on the
prevalent pathogen population. For example, when Rivard and Louws
(2008) grafted ‘German Johnson’ on Maxifort rootstock, no Fusarium
wilt symptom was observed, but plants showed only partial resistance
with 29% disease incidence on Robusta rootstock. Like disease inci
dence, yield can also be impacted by rootstock-scion combinations and
soil characteristics of a location. In a multi-site study, Rivard and Louws
(2008) found that plants with Maxifort and Robusta rootstock did

neither consistently reduce disease nor impact yield at two locations
while Maxifort rootstock consistently and significantly increased yield in
a separate location. However, there is no field level assessment
comparing the efficacies of these non-chemical approaches, bio
fumigation, BCA and grafted plants, on suppression of soil-borne dis
eases such as Verticillium wilt and enhancement of yield of organically
grown tomato. The primary goal of our study was to determine efficacy
of organically acceptable products in managing soil-borne diseases in
heirloom tomato cv. Mortgage Lifter in a certified organic production
system. The specific objectives were (1) to compare efficacies of bio
fumigants, biological antagonists and grafted tomato seedlings on sup
pression of Verticillium wilt disease; (2) to assess the yield advantage of
tomato by these organically acceptable treatments; and (3) to determine
the net return from each treatment by conducting an economic analysis.
2. Materials and methods
2.1. Experiment site and soil type
We conducted field experiments in two consecutive years at the
Organic Research Farm of West Virginia University (WVU) in two
adjacent plots. The Farm is located at latitude 39.644395 and longitude
− 79.938739. Soil type of the farm is listed by Web Soil Survey of the
United States Department of Agriculture as a Tilsit silt loam (semiactive, fine-silty, mixed mesic typic fragiudults). This Farm was con
verted to an organic production system in 1999 and has been certified
since 2004. Since then, no synthetic chemical inputs were used. Due to
the increase in demand for organic produce in the state and the whole
country, finding organic options for pest management became a perti
nent research goal at the WVU Organic Research Farm.
2.2. Determining efficacy of soil treatment with bio-fumigant and
biological antagonists
We conducted field trials in 2015 and 2016 to determine biological
control agents, bio-fumigants and grafted plants’ efficacy in relation to a
nontreated check in suppressing Verticillium wilt. Trials in both years
had six treatments: (i) ‘Caliente-199’ mustard cover crop incorporated in
the soil; (ii) pre-plant mustard meal incorporation in the soil; (iii)
Serenade SOIL (QST 713 strain of Bacillus subtilis); (iv) Prestop (Glio
cladium catenulatum); (v) grafted tomatoes; and (vi) nontreated control.
Treatments were randomly distributed in each bed consisting of a 9-m
long and 1.5-m wide plastic mulched drip irrigated row following a
randomized complete block design with four replicates. Treated plots
were separated by a 1.5-m length of nontreated bed within the bed and
single nontreated beds between beds accommodating experimental
units. Plant to plant spacing was 1.5 m allowing four plants in each
replicate plot. Vascular wilt susceptible heirloom tomato (Solanum
lycopersicum) cv. ‘Mortgage Lifter’ was used in the study. The same
application method of treatments was followed in both years. In 2016,
treatments were applied in the adjacent plot to avoid any confounding
effects originating from previous year’s treatment.
2.3. Mustard cover crop plot establishment and soil incorporation
Field plots were disked, and dairy manure compost was applied to all
plots at 22,403 kg/ha in the early spring. Plots were marked based on
the random distribution of all the treatments in each of the four blocks
following randomized complete block design for this study. ‘Caliente199’ mustard seeds were planted in plots that were marked to receive
cover crop bio-fumigation treatments on April 29, 2015. Early spring
rain and high soil moisture prevented timely (i.e. first week of April)
land preparation and seeding. Seeding rate was 11 kg/ha that is nor
mally used for cover crop to add biomass in soil and improve soil health.
After plants reached ≥75% flowering (Fig. 1), they were mowed on June
25, 2015 with a flail mower to macerate the tissues so that glucosinolate
2
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(Johnny’s selected seeds, Winslow, ME 04901) was also treated sepa
rately with the products at the rate of 16 mg/L prior to seeding. Due to
adverse effect on seed germination, this rate was reduced to 1.6 mg/L in
2016 for Prestop. Seedlings were transplanted in field plots when they
were six-week-old and grafted plant sufficiently healed. Planting holes
were sprayed with 1% suspension of products up to field capacity just
prior to planting of the seedlings. Plants in these two treatments were
also irrigated manually twice with a suspension of the biological control
agents within first 30 days of transplanting at the rate of 100 ml/plant
containing 5 × 108 CFU of BCA.
2.5. Production of grafted tomato transplants

Fig. 1. ‘Caliente-199’ mustard at flowering stage in plots that were distributed
randomly in each block. Biomass was incorporated in each plot by roto tilling
after tissue maceration by flail mower.

To have grafted plants ready and plant at the same time in the field
together with other treatments, seedlings from Maxifort (Johnny’s
selected seeds, Winslow, ME 04901) and ‘Mortgage Lifter’ (seed savers
exchange, 3094 N Winn Rd, Decorah, IA 52101) were grown in the
greenhouse. Maxifort was used as the rootstock and ‘Mortgage Lifter’ as
the scion. Maxifort seeds were seeded 3 days later than ‘Mortgage Lifter’
to achieve equal stem diameter and plant height for both root stock and
scion at the time of grafting. Four-week-old seedlings were used for
grafting following the protocol described by Bumgarner and Kleinhenz
(2015). Briefly, a humid chamber measuring 2 m long, 1 m wide and 1.2
m high was prebuilt on the greenhouse bench with pvc pipe and plastic
to facilitate a tight seal to maintain high humidity inside. The top of the
chamber was covered with black plastic to block light partially.
Four-week-old ‘Mortgage Lifter’ scion was grafted on resistant root stock
following slice grafting and using 2.5 mm silicone clips (Johnny’s
Selected Seeds, Winslow, ME 04901). Grafted plants were immediately
moved inside the partially shaded humid chamber at 24 ◦ C. Two small
humidifiers (Crane Drop Ultrasonic Cool Mist Humidifier) were used in
two sides of the chamber to raise the humidity close to 100% prior to
moving grafted plants inside the chamber. This level of humidity was
maintained for the first 7 days and lowered gradually after that. Hu
midifier was kept running round the clock or as needed until day eight
when the black plastic was removed, and plants were exposed to light
with a photo period of 16 h/day. Plants were inspected for a satisfactory
graft union and then taken to the field 10 days after grafting, and planted
carefully in designated plots to keep the graft joint above the soil line.

and myrosinase could react and produce isothiocyanate (ITCs). Flail
mowed mustard residues were then immediately incorporated at 15 cm
into the soil with a walk behind rototiller followed by setting a drip
irrigation line in the middle of each bed. Plots were immediately covered
with 1.5 mil black plastic mulch and irrigated through the drip line to
bring the soil moisture to field capacity. Seeding of mustard seeds was
two weeks earlier in 2016, and as a result all other procedures could also
be done early accordingly. Mustard meal of Triumph Italia brand was
procured as Biofence (Agrium Italia, Livorno, Italy), and applied at the
rate of 4500 kg/ha to the plots that were marked to receive the treat
ment by random distribution on the same day prior to setting drip irri
gation and covering with plastic mulch. Similar to mustard cover crop,
mustard meal was also rototilled thoroughly to mix with the soil fol
lowed by drip irrigation to expedite microbial degradation and activate
release of ITCs. The plastic mulch was perforated ten days after incor
poration of mustard cover crop and mustard meal to ensure release of
residual toxic gas. Seedlings were transplanted in the holes 48 h after
opening holes through the plastic. All plots were inoculated with
V. dahliae inoculum by spraying a suspension containing 5 × 105 CFU/
ml at the rate of 94 ml/square meter on the same day immediately
before laying plastic mulch and incorporating mustard cover crop and
mustard meal.
2.3.1. Inoculum preparation from isolate of V. dahliae in vitro
V. dahliae isolate WV-2014 was previously collected as monoconidial
colony on potato dextrose agar (PDA) medium from infected tomato
plant at the WVU Plant Diagnostic Clinic and preserved in slants as well
as on dry filter papers. The isolate was revived on full strength PDA
plates. Small PDA plugs with actively growing mycelial tips were
transferred to new plates (5/plate) and incubated at ambient laboratory
temperature (22±2 ◦ C) until hyphal growth filled the whole PDA plate
surface. Hyphae and conidia from each plate were harvested by adding
20 ml sterile water, then scraping the surface of PDA by a glass slide. The
suspension containing hyphae and conidia was agitated in a 1-L beaker
with a magnetic stirrer to dislodge conidia from conidiophores followed
by sieving through three layers of cheese cloth. Sieving could separate
most of the hyphae. Remaining hyphal fragments and conidia were
diluted by adding water to achieve a concentration of 5 × 105 CFU/ml,
which was sprayed in field plots prior to roto tilling and mixing in upper
15 cm soil layer. Due to the requirement of mustard cover crop incor
poration and soil inoculation, both tasks were completed at the same
time.

2.6. Inter cultural operations and harvest
Plants were irrigated through drip line, except for application of
biocontrol agents’ suspension manually around the plant with a water
ing can. Plants were trellised following the ‘Florida weave system’ with
stakes and twines. Foliar applications of fixed copper were made three
times in 2015 and twice in 2016 to suppress foliar diseases (early blight,
Septoria leaf spot). Tomatoes were harvested weekly from replicate
plots of each treatment and weighed for only 6 weeks in 2015 due to late
planting. The final harvest included all tomatoes including any green or
unripe tomatoes mostly on grafted plants and a few from other treat
ments. Cumulative total yield/plant was calculated for each treatment
and replicate. However, in 2016 only ripe tomatoes were harvested for 6
weeks during regular harvest period from August 15 to September 30,
2016.
2.7. Determination of plant vigor and disease estimation
Plants were visually assessed for expressed vigor on a 1–10 scale,
where 1 = plants are surviving but did not show any additional growth
since germination and 10 = plants showed enhanced vegetative growth
compared with regular plant growth of the same age. Each plant was
assessed 20, 40, 60 and 80 days after seeding on the same scale that was
specifically developed for ‘Mortgage Lifter’. Grafting was done 30 days
after seeding and transplanting in the field was done 40 days after
seeding (DAS). Plant height and stem diameter was also considered and

2.4. Treatment of seeds and transplants with biological control agents
The selected biological control agents Bacillus subtilis strain QST 473
and Gliocladium catenulatum were used as the formulated products,
Serenade SOIL and Prestop, respectively. Tomato seeds were treated
separately with either Serenade SOIL and Prestop prior to seeding at the
rate of 6.3 mg/g and 0.63 mg/g seed, respectively. Organic planting mix
3
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compared among treatments while determining plant vigor. Number of
symptomatic lower leaves with typical v shaped lesion from each plant
were also counted at 40 DAS.

alleviated seed germination problem yet enhanced seedling vigor, which
was clearly visible 20 days after seeding (Fig. 2). Thus, 1.6 mg/L sus
pension of Prestop should be considered safe and effective rate for to
mato seed treatment.

2.8. Economic analysis

3.2. Grafting of heirloom scion on resistant rootstock

To determine the relative economic advantage provided by each
treatment included in this study compared with nontreated control, we
assessed the cost of BCA treated transplant production, cost of grafting
and bio-fumigation with mustard cover crop and mustard meal. Cost
related to overall production operations such as planting, intercultural,
harvesting that are common to all treatments including nontreated
control were not considered in this analysis. Price of organic tomato and
total revenues were estimated based on the sale price from local farmer’s
market. Mean tomato yield from both years was used for economic
analysis. Net revenue for a specific treatment compared to nontreated
control was calculated as follows from the modification of the formula
from Rysin et al. (2015) and standard costs shown in Djidonou et al.
(2013).

Grafting ‘Mortgage Lifter’ on Maxifort root stock did not show any
incompatibility and we obtained above 90% healthy grafted plants in
both years. Grafted plants healed within 10 days and were ready for field
transplantation. Although healing of grafted plants delayed establish
ment in the field by 5 and 7 days in 2015 and 2016, respectively, these
plants outgrew non-grafted plants within 40 days of planting in the field
(Fig. 2).
3.3. Plant vigor after field set
Forty days after transplanting of seedlings in the field, grafted plants
showed significantly higher vigor than any other treatment or non
treated control (Fig. 2). Mustard cover crop, mustard meal and BCA
treatments also had significantly higher plant vigor than the nontreated
control although differences among these four treatments were not
statistically different. Plants treated with the biological control agents
Serenade SOIL and Prestop showed enhanced vigor during the green
house transplant production stage and continued to maintain higher
vigor for a month, but then started declining as disease pressure started
building up. After field set, grafted plants superseded growth and vigor
of biofumigated and BCA-treated plants. Estimation of vigor 80 days
after seeding (40 days after field set) showed clear decline in the non
treated control whereas grafted plants continued to show the highest
vigor index (Fig. 2). Similar vigor enhancement was observed in 2016 as
well, with minor differences. Despite minor vigor loss during grafting,
grafted plants in the field showed very even growth. Mustard meal
supported superior vigor after transplanting compared to mustard cover
crop, however, over time the difference between these two treatments
turned insignificant. Despite no significant vigor difference between the
two BCA treatments, fruit yield varied indicating weaker correlation of
vigor index with total fruit yield for these two treatments especially at
the fruiting stage.

NR = {(Yt-Yn-t) × P} – C
Where NR – net revenue for a specific treatment compared to nontreated
control; Yt – estimated marketable yield per plant for a specific treat
ment; Yn-t - estimated marketable yield per plant for nontreated control;
P – sale price per kg; C – additional production cost per plant for a
specific treatment over nontreated control.
2.9. Data collection and analysis
Plots were scouted weekly for wilt symptom or stunting and foliar
symptom for Verticillium infections. Data were collected twice on wilt
severity in the field at the beginning and end of harvest on a 0–4 scale
where 0 = no disease symptom; 1 = 1–25% of leaves with V-shaped
symptom; 2 = 25+ to 50% of leaves with V-shaped symptom; 3 = 50+ to
75% of leaves with V-shaped symptom and some wilting of the plant; 4
= 75+ to 100% of leaves with V- shaped symptom and totally wilted
plant. A disease severity index (DSI) was then calculated for each
replicate plot using the formula:
DSI =

(X1 × 1) + (X2 × 2) + (X3 × 3) + (X4 × 4)
X1 + X2 + X3 + X4

3.4. Disease symptom on lower leaves and whole plant

where X1, X2, X3 and X4 represented the number of plants with corre
sponding disease severity values from 1 to 4 (Rahman and Punja, 2005).
Disease severity data from both years were tested for homogeneity of
variance and pooled together after confirmation (P ≤ 0.05). The linear
mixed model was used to conduct the analysis of variance in SAS 9.4
(SAS institute, Cary NC) by considering treatment as a fixed effect and
block as a random effect. Percent yield increase data were subjected to
angular transformation (arcsine of square-rooted value) prior to the
analysis and data presented in the text of results section represent back
transformed values. Total cumulative tomato yield was analyzed by
using PROC GLM in SAS and treatment means were separated for sig
nificant difference by Fisher’s protected LSD test at α = 0.05. Data on
plant vigor were also pooled from both years due to insignificant year ×
treatment interaction (P = 0.08).

Within 40 days of transplanting tomato seedlings in the infested soil,

3. Results
3.1. Seed, planting mix treatment
Slightly reduced seed germination (10 %) was observed in 2015 with
the Prestop formulations in seed and planting mix treatments. However,
20 days after seeding, seedlings from treated seeds showed enhanced
vigor compared with nontreated, and reduction of Prestop rate from 16
mg/L in 2015 to 1.6 mg/L in 2016 for inoculating planting mix

Fig. 2. Average plant vigor index estimated at different time intervals (seedling
at the greenhouse, grafting, field transplants and early harvest) in 2015 and
2016 from different treatments compared with nontreated control on a 1–10
scale based on plant height, canopy size and foliar and reproductive growth.
Vertical error bars on data points represent standard errors (±) of means.
4
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typical v-shaped lesions indicative of Verticillium wilt leaf symptom
appeared on the lower leaves. Significantly lower number of leaves
developed typical symptom in plants that received treatments compared
with the nontreated control. Average number of symptomatic leaves in
treated plots were in the range of 0–3/plant compared with 6 in the
nontreated. At that early stage, grafted plants did not show any leaf
symptom. Despite early symptom appearance on lower leaves and plants
in some treatments, number of completely wilted plants remained low in
both years. But foliar wilting symptoms occurred on approximately 50%
of the plants in the mustard cover crop, Prestop and nontreated control
treatments during the middle of hot and dry summer days, plants usually
recovered by early the next morning. The lowest disease severity index
(DSI) was recorded in grafted plants and the highest in nontreated
plants. However, DSI in the mustard cover crop treatment and Prestop
treatment was not statistically different from that of nontreated plants
(Fig. 3).
3.5. Total fruit yield and yield advantage provided by treatments

Fig. 4. Effects of biofumigation, biocontrol agents and grafted transplants on
tomato yield. Bars showing the same letter on the top are statistically similar as
revealed by Fisher’s protected LSD test at α = 0.05 within a year (2015-lower
case, 2016-upper case).

Four of the five treatments resulted in significant yield increase in
2015 compared to nontreated (Fig. 4). These treatments included
mustard meal; Serenade and Prestop treatment of seed, planting mix,
and planting holes; and grafted plants. Although the mustard cover crop
treatment had numerically higher fruit yield, the difference was not
significant. Grafted plants provided 82% and 91% yield advantage over
nontreated in 2015 and 2016, respectively. However, other treatments
provided relatively low yield advantages that ranged from 9% to 39%.
Fruit yield in 2016 showed a similar trend and was highest in grafted
plants and lowest in nontreated plants. Among the other four treat
ments, three (mustard cover crop, Serenade, and mustard meal) resulted
in similar fruit yield that was significantly different than that of the
nontreated check. However, yield in Prestop treatment did not differ
significantly with nontreated. Average yield over two years showed that
grafted plants produced 9.6 kg tomatoes/plant compared with only 5.1
kg in the nontreated control. Average yield in bifumigation and BCA
treatments ranged from 5.8 to 6.9 kg/plant (Fig. 4). There was no sig
nificant difference in yield between the mustard cover crop treatment
and nontreated plants in 2015 likely due to the escape of gas through
holes in plastic mulch caused by stumps from mustard plants. However,
in 2016, mustard biofumigation treatment increased yield significantly
compared to the nontreated check likely due to additional care in stump
removal, thorough incorporation in soil and keeping plastic mulch leak

proof. Serenade treatment was slightly more effective than Prestop in
both years as indicated by numerically higher yield/plant although the
yield difference between these two treatments was not statistically
different. An interesting and noteworthy finding in 2016 was that
mustard meal and mustard cover crop treatments produced comparable
results. Both treatments had the same total amount of tomatoes/plant.
3.6. Economic analysis
Tomato wilt problems could be greatly eliminated, and fruit yield
improved for better economic return by the treatments included in this
study. Grafted plants on ‘Maxifort’ rootstock provided the highest net
revenue (Table 1) followed by mustard meal biofumigation despite
higher cost involved with application of these treatments compared to
BCA or mustard cover crop. However, average production cost of grafted
transplants may be higher for growers if the success rate of grafting is
not ≥90%. As mustard cover crop delays the planting of tomatoes in
field, this treatment may not provide premium price for growers that
they usually get for early harvested fruit. Prestop had the lowest yield
advantage and net revenue in our study. Plant performance and yield in
the Prestop treatment was also inconsistent from one year to another.

Table 1
Summary of the economic advantage provided by specific treatment relative to
nontreated control in an organic tomato production system in soil contaminated
with the wilt-causing fungal pathogen Verticillium dahliae. Means of 2015 and
2016 yield data were used in calculating the net revenue.
Treatment

Yield/
plant
(Kg)

Yield gain/
plant (over
nontreated)

Tomato
price/
kgb

Additional
cost over
nontreateda

Net
revenue

Grafted
Serenade
Prestop
Mustard
cover
crop
Mustard
meal
Nontreated

9.6
6.6
5.8
6.4

4.5
1.5
0.7
1.3

$7.7
$7.7
$7.7
$7.7

$1.08
$0.25
$0.25
$0.16

$34.65
$11.55
$5.39
$10.00

6.9

1.8

$7.7

$1.5

$13.86

5.1

0

$7.7

0

0

a

Fig. 3. Verticillium wilt disease suppression in tomato by the application of
biocontrol agents, biofumigation and grafted transplants as indicated by disease
severity index. Data are means of four replications and pooled together from
2015 to 2016 after testing the homogeneity of variance (n = 32).

Additional cost included cost of inputs, supplies as well as for labor that were
not common for nontreated plots.
b
Small growers sell their organic heirloom tomatoes in local farmers’ market
with a premium price.
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4. Discussion

(Weller, 1988) warranting microclimate-based determination of efficacy
for a specific host-pathogen combination. In the current study, we found
that the biofungicide Serenade significantly suppressed wilt diseases and
increased yield of heirloom tomato cv. ‘Mortgage Lifter’ for two
consecutive years in an artificially infested certified organic farm at
WVU, but Prestop did not show consistent results. Consistent with the
recommendations for biological control to occupy root surface of a plant
prior to pathogen infection, we applied BCAs to seed and planting mix,
as well as in the field twice by watering manually with a watering can.
Although we used a few different application methods to maximize the
benefit, further studies should evaluate if any additive effect can be
obtained by different combinations of application methods. We also did
not explore the mode of action of disease suppression in this study.
However, Lahlali et al. (2013) pointed that control of clubroot disease
on canola by the biofungicide Serenade occurred via antibiosis and
induced systemic resistance. Abbasi and Weselowski (2015) from a
multi-year trial reported inconsistent results in suppression of bacterial
spot on tomato by Serenade. Alternatively, stem and root rot diseases of
cucumber caused by Pythium aphanidermatum and Fusarium oxysporum f.
sp. radicis-cucumerinum were reduced by the application of Prestop at
seeding time of greenhouse grown cucumber (Rose et al., 2004).
Rahman and Punja (2007) found that augmenting beneficial micro
bial populations on seed surface and in soil could reduce seedling
mortality, which corroborates findings from the current study. Barka
et al. (2000) reported that grapevine plantlets that were inoculated in
vitro-with beneficial microbes, grew faster than non-inoculated con
trols, were sturdier and developed a better root system. Similar findings
were obtained with banana plantlets treated with endophytic Pseudo
monas and Bacillus species. These plants not only showed improved
physiological attributes and vegetative growth but also had strong
resistance against bunchy top diseases in field conditions (Kavino et al.
2007, 2010). Similar alternative strategies including different plant
extracts, bio-fumigation and biological control agents such as Tricho
derma, Serratia and Pseudomonas were found effective in reducing wilt
symptom or the number of fungal microsclerotia on multiple crops
although levels of control varied (Berg et al., 2005). Despite facilitation
of early root system colonization in the current study, both biocontrol
agents showed significant but only moderate efficacy in improving plant
vigor and yield with concurrent reduction of disease severity.
One of the interesting observations from this study is that treatment
of autoclaved planting mix with beneficial microbes significantly
improved seedling vigor compared with non-autoclaved mix, likely due
to higher colonization of root system in the absence of competition from
other microbes that otherwise would have been in the mix (data not
shown).
In this study, we used a commercially available formulation (Sere
nade SOIL) of Bacillus subtilis QST 713. Baysal et al. (2008) tested
B. subtilis strain EU07 and QST 713 for controlling tomato root and
crown disease caused by Fusarium oxysporum f. sp. radicis-lycopersici at
106 CFU/ml. Strain EU07 reduced disease incidence by 75% whereas
QST 713 reduced only 52% when applied as an inoculant compared with
nontreated. This example shows the potential and prospect of biocontrol
if the right strain can be selected and utilized. Application of these
products at growers’ level thus requires method demonstration by
Extension professionals. In our study, we achieved efficacy of biocontrol
agents at the level of biofumigation with mustard cover crop or mustard
meal. However, not much information is available on substrate inocu
lation after autoclaving to facilitate quick rhizosphere colonization in a
less competitive environment. More research is needed to unravel the
mechanism of how inoculation of autoclaved medium enhances seedling
vigor and if that vigor could translate to enhanced disease resistance or
fruit yield. An added advantage of managing soil-borne fungal disease
with a bacterial biocontrol agent is that conventional growers can
combine these agents with fungicides for additive effects as found in
other studies (Omar et al., 2006). Although Bacillus species have been
found effective against soil-borne pathogens by many authors

Management of soil-borne vascular wilt diseases is often difficult due
to the persistence of the pathogen in soil and plant debris from one year
to another. Despite good efficacy against soil-borne pests, Montreal
protocol banned the use of methyl bromide (MB) (Minuto et al., 2006;
Omar et al., 2006) due to its ozone-depleting properties. Furthermore,
use of chemicals for soil fumigation is not feasible for small and organic
growers due to cost and federal regulations. In addition, alternative pest
management methods are sought on a regular basis due to mounting
concerns over food safety, environmental quality as well as pesticide
resistance in pest populations. This study demonstrated that biocontrol
agents (BCA), biofumigation and tomato seedlings grafted on resistant
rootstocks not only suppressed wilt disease in artificially infested soils,
but also significantly increased the yield of tomato in a certified organic
production system in WV to provide high net revenue to tomato growers.
Thus, replacement of synthetic chemical-based soil disinfestation with
suitable organically acceptable protocols shown in this study could
benefit growers both environmentally and economically. Although BCA,
biofumigation and grafted seedlings on disease resistant tomato root
stocks were reported as effective biorational management of soil-borne
diseases for several crops, this study for the first time assessed the
comparative performances of these management options for disease
suppression and yield improvement of tomato in an organic production
system.
One of the inconsistent but useful findings of this study is that both
mustard meal and mustard cover crop biofumigation provided signifi
cant yield advantage in 2016, while only mustard meal provided similar
yield advantage in 2015. The inconsistency of the result between these
two years indicated that both proper incorporation of biomass and
trapping gas from their degradation are important in producing positive
results. In the first year of the study, cover crop stump removal was
incomplete, which poked holes in the plastic mulch and most likely
released ITCs as the gas formed. Due to extra care during flail mowing
and roto tilling of mustard biomass in 2016, there was no remaining
stump to poke the plastic mulch which may have ensured entrapment of
gas and better management of soil-borne pathogens, especially Verti
cillium dahliae. Soil incorporation of green manures, Brassica crop resi
dues and processing waste has also been tested extensively for disease
suppressive effect by other investigators, and they found that glucosi
nolate contents was the determining factor (Sarwar and Kirkegaard,
1998; Kirkegaard and Sarwar 1998). ‘Caliente-199’ is known to contain
high glucosinolates and the highest levels are reached during full bloom.
Many reports indicate that biofumigation effect of Brassica is derived
from the release of ITCs due to hydrolysis of glucosinolates present in the
tissue that can suppress a range of soil pathogens ((Baysal-Gurel et al.,
2020; Morra and Kirkegaard 2002). Hartz et al. (2005) did not find any
positive effects of using mustard cover crops for suppression of
soil-borne diseases (Verticillium and Fusarium wilt) or yield of tomato.
This could be due to the presence of more aggressive fungal strains or
different soil physical, chemical and biological characteristics or a
combination of both. This observation further strengthens the need for
evaluating soil amendment based biorational treatments in a specific
area before making a recommendation. Results from our study also
indicated that the yield advantage from using mustard cover crops in
sites with high inoculum pressure can be variable and lower than ex
pected compared with mustard meal biofumigation.
Biocontrol of soil-borne phytopathogens with beneficial microor
ganisms is considered an alternative to the environmentally hazardous
synthetic fungicides (Weller 1988; Van Loon 2007). Many microorgan
isms have been tested in the recent decades for their capacity to suppress
soilborne pathogens in diverse crop production systems (Siddiqui and
Shakeel 2007; Lee et al., 2008). However, microorganisms that show
biocontrol potential during in vitro tests or in bioassays often fail to
produce consistent results under field conditions. Large-scale use of BCA
and adoption of the technology in agriculture has been hindered by this
6
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worldwide, application method of many of those biocontrol agents
including Bacillus amyloliquefaciens FZB42 played a key role for the ef
ficacy (Fira et al., 2018). Berendsen et al. (2012) suggested that
microflora in the rhizosphere of young plants needs to be stabilized for
colonization of the inoculated strain in the rhizosphere in a sufficiently
high number. These studies also identified multiple modes of action or
mechanisms of pathogen suppression that included direct competition of
beneficial microbes for space or nutrients on root surface, production of
volatile organic compounds (VOCs) and antibiotic metabolites.
Our comparison of some feasible options for managing wilt disease
on heirloom tomatoes indicated that grafted tomatoes provided superior
resistance and yielded the highest in both years. Many investigators
reported that grafting of scions from susceptible varieties on resistant
rootstocks could sufficiently manage soil-borne tomato diseases in high
tunnel and field production system (Rivard et al., 2010; Rivard and
Louws, 2008; Grimault and Prior, 1994; Peregrine and Binahmad, 1982;
Tikoo et al., 1979; Sun et al., 2018). Another advantage of grafted to
mato is that the technology is amenable to quick deployment without
major changes in farming operations, although it can add some extra
cost for transplants. However, selection of root stocks would require
some knowledge on the specific organism that may be present in a
specific farm. For example, in this study we used multiple soil-borne
disease (corky root rot, all races of Fusarium, nematode, tomato
mosaic virus, Verticillium wilt) resistant Maxifort root stock although it
doesn’t possess resistance against bacterial wilt.
In this study, we compared multiple nonchemical strategies to
manage soil-borne diseases in heirloom tomatoes under certified organic
production system and demonstrated results to potential users of these
technologies. Yield increase (up to 90%) in grafted tomatoes over non
treated check is a clear indication that grafting will be an important
component together with a few others for farmers that are interested in
nonchemical strategies to manage tomato soilborne diseases. Rysin et al.
(2015) demonstrated that positive net returns can be obtained in most
cases by using grafted transplants even in the absence of high soilborne
disease pressure. The margin of net revenue can be wider if disease has
the potential to reduce total yield. Thus, growers may want to spend a
little extra money for buying grafted transplants provided these plants
can be planted and fruit harvested early in the season. Although use of
grafted tomato plants has potential yield, quality and economic benefits,
actual outcome was found to depend on multiple factors (Rysin et al.,
2015; Grieneisen et al., 2018). In comparison, use of mustard cover crop
delays transplanting of tomato that may prevent growers obtaining
premium price for their produce, and inconsistency in disease suppres
sion has also been reported (Larkin and Lynch 2018). Suppression of
soilborne diseases by organically acceptable methods may result from
their multiple complex interactions with soil components that are not
well understood (Sun et al., 2018). Therefore, more detailed work is
needed to gain further insights into the mechanism of tomato wilt sup
pression and yield increase by the three organically acceptable bio
rational approaches described in this report.

meal produced more consistent results, it may be preferred by growers
due to the ease of application and avoiding the early season cover crop
growing operation, especially in an area where frost free growing season
is relatively short. However, the use of grafted plants has shown to be the
best method for preventing soil-borne disease and boosting yield for
economic benefit in our study. The net revenue obtained in this study
may only be applicable for heirloom tomato production in soil infested
with soil-borne pathogen like Verticillium dahliae.
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