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ABSTRACT

ALTERNATIVES TO METHYL BROMIDE FOR CONTROLLING THE BLACK
ROOT ROT DISEASE COMPLEX OF STRAWBERRY

By
Benjamin W. Glass
The United States strawberry industry is heavily dependent on methyl bromide to
control soil-borne diseases and weeds. The continued phase-out of methyl bromide has
left a void in the arsenal growers have traditionally used to manage these pests.
Strawberry black root rot is a disease complex of Rhizoctonia fragariae Husain &
McKeen, Pythium species, and the nematode Pratylenchus penetrans (Cobb) Filipjev and
Shuurmans Stekhoven that affects the productivity and longevity of strawberry plantings.
In a Michigan study, 13 commercial bio-control or reduced-risk fungicides, applied as
drenches or pre-plant dips, were evaluated for their efficacy in the control of black root
rot at the time of planting in a naturally infested field. This experiment was also
replicated in the greenhouse. A pre-plant root dip of azoxystrobin (Abound) with a
potassium salt (ProPhyt) has shown a measure of control. Experiments conducted to
evaluate combinations of crop rotations, in conjunction with two commercially available
biological control products, in an effort to create suppressive soils prior to the
establishment of strawberries, and a study to evaluate the ‘best practices’ for controlling
black root rot at the time of planting consisting of crop rotation, fungicide dip, compost, a
biocontrol product, and the use of resistant varieties have shown that while fumigation
resulted in the largest, healthiest plants, the use of the rotational crops squash, rye, and
Brassica spp. tended to cause healthier strawberry plants. Compost and the Abound +

ProPhyt pre-plant dip offered some improvement in plant health.
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CHAPTER ONE: LITERATURE REVIEW
Introduction

Strawberry black root rot (BRR) is a disease complex that is widespread around
the world wherever strawberries have been planted for multiple years (Watanabe et al.,
1977; D’Ercole et al., 1989). Initial symptoms of BRR include brown lesions on the
feeder and structural roots of the strawberry plant and blackening of the root cortex while
the stele remains white, initially (Maas, 1998). Root lesions range from 0.5 to 5 cm.
Feeder roots disintegrate due to infection. Infected roots darken and die, eventually
becoming completely black in severe cases. Infected plants produce smaller leaves,
fewer main and lateral roots, have slower growth, and reduced runner production
(Hancock ef al., 2001). Severely infected plants wilt at the onset of dry weather. The
disease can be spread via infected nursery stock, movement of infested soil, or infected
plant debris (Maas, 1998; Strong and Strong, 1927; Hildebrand, 1934). Also known as
strawberry decline, many organisms and abiotic factors have been implicated in the cause
of the disease; however, Rhizoctonia fragariae Husain & McKeen, Pythium spp., and the
root lesion nematode Pratylenchus penetrans (Cobb) Filipjev and Shuurmans Stekhoven
are generally considered the primary pathogens (D’Ercole et al., 1989; Wing et al., 1995;
Maas, 1998).

In Michigan, the matted-row system is used to grow strawberries, where plants
are typically planted at wide spacing in spring so that runners fill in between the plants.
Harvest occurs the year after planting and continues for 3 to 4 years. The fruit ripens for
3 to 5 weeks in May to mid-June (Pritts and Handley; 1998). In Michigan ‘U-Pick’

operations, continual strawberry production or short rotations are common due to the few



suitable locations for these enterprises. The shorter a rotation is between strawberry
plantings, the higher the potential economic return to the grower. However, continual
cropping allows pathogen establishment and build-up to deleterious levels. In this
system, fumigation is often employed to help control soil-borne pathogens and weeds
before planting (Perry and Ramsdell, 1994; Rosskopf et al., 2005).

A common and effective fumigant used by strawberry growers is methyl bromide.
In 1992, the Montreal Protocol established methyl bromide as an ozone-depleting
substance and instituted its ban by January 1, 2005 (Anonymous, 1998; Rosskopf et al.,
2005). Methyl bromide was predominantly used as a soil fumigant, but also in the
disinfestation of durable and perishable commodities, and structures. Besides being
detrimental to the environment, concerns for operator safety, residues in food, effects on
soil biodiversity, and pollution of surface and ground water all influenced the decision to
ban methyl bromide use (Anonymous, 1998; Rosskopf et al., 2005). Methyl bromide is
emitted from many sources, some being natural, but it is estimated that 30% of emissions
come from soil fumigation (Rosskopf et al., 2005).

Currently, control of BRR consists of using crop rotation, cover crops, good
aeration and drainage, and fumigation (Maas, 1998; Martin and Hancock, 1983; Perry
and Ramsdell, 1994). Some chemicals, such as Telone (1,3-dichloropropene) and
chloropicrin have shown success as alternative fumigants. Vapam (metam sodium) and
Basamid (dazomet) have shown comparable results in some countries to methyl bromide
as well (Anonymous, 1998). Chemical control can cost between $700-$2000 depending
on chemical and application method (Anonymous, 1998; Rosskopf et al., 2005). With

one of the most effective fumigants being banned, and no specific crop rotation that has



shown consistent, effective control, growers are left with vague recommendations.
Prevention is key; planting disease-free stock in fertile, well-drained sandy loam is the
best way to avoid this disease (Perry and Ramsdell, 1994).

One problem when trying to develop a management strategy for BRR stems from
the variability of the disease. Rhizoctonia fragariae does not always have to be present to
get BRR symptoms (Wing et al., 1994; Wing et al., 1995). While studies have
implicated P. penetrans, the disease can occur with low nematode populations or even in
their absence (Wing et al., 1994; Wing et al., 1995). It seems that a combination of
abiotic and biotic factors predispose strawberry plants to invasion by perhaps otherwise
saprophytic or weakly parasitic fungi that then cause severe damage to the root system
(Wing et al., 1994; Wing et al., 1995).

With the primary control measure due to be eliminated, it becomes necessary to
find alternative reduce-risk chemicals, biological, and cultural alternatives. These
alternatives should not be expected to work as effectively alone as methyl bromide did.
The best control still resides in integrated management practices. Thus the objectives of
this research are: 1) Evaluate reduced-risk fungicides and biological products for the
control of BRR at the time of planting, 2) Evaluate various crop rotations in combination
with biological control products at the time of planting, 3) Assess integration of host
plant resistance with chemical and cultural controls to develop a “best practices”
approach, in order to make a recommendation to growers and 4) Evaluate reduced-risk

fungicides in already established strawberry fields.



Strawberry Production

The cultivated strawberry, Fragaria x ananassa Duchesne, is thought to be a
cross between Fragaria virginiana Duch. and Fragaria chiloensis Linn. (Galleta, 1990;
Hancock, 1999; Pritts and Handley, 1998). The strawberry plant, a member of the rose
family, is a perennial that consists of a crown from which leaves, stolons, branch crowns,
flower clusters, and adventitious roots grow (Hancock, 1999; Pritts and Handley, 1998).
Axillary buds produced at the base of each leaf may become a stolon or branch crown
depending on the environment, with long days and warm temperatures encouraging
runners, while cooler short days favor branch crowns (Hancock, 1999; Pritts and
Handley, 1998). The stolons have two nodes, the first of which may become another
runner or remain dormant while the second becomes a daughter plant. A healthy plant
can develop 10-15 runners a year (Hancock, 1999; Pritts and Handley, 1998). ‘Allstar’ is
currently a widely grown variety in the Eastern, Mid-Atlantic, and Midwestern United
States. It is an early variety with large to medium sized, light colored fruit developed in
Maryland by the United States Department of Agriculture; and it also has resistance to
Verticillium wilt (Hancock, 1999).

Flower buds are initiated in one season for the following season. Initiation occurs
after certain day length and temperature requirements are met, which is often variety
specific. The inflorescence has a primary flower, two secondary, four tertiary, and
possibly eight quarternary flowers (Pritts and Handley, 1998; Hancock, 1999). In the
Northeast, plants are often short-day or June-bearing, meaning that flower bud initiation
occurs during September and October when the days are shortening and cooler. Some

varieties are not sensitive to day length, and are called day neutral; these initiate flower



buds between 4.4-29.4°C, and still others have a weak day length response (Pritts and
Handley, 1998; Hancock, 1999). Flowering in day neutral varieties occurs about six
weeks after bud initiation which is continuous from late spring through fall. The plants
are self-fertile, but fruit size is greatly improved with pollinators. The fruit develops
from the flower receptacle (Pritts and Handley, 1998, Hancock, 1999).

The fruit is composed of numerous ovaries, each with seeds referred to as achenes
(Pritts and Handley, 1998; Hancock, 1999). Ripening depends on the pre-harvest
environment and the cultivar, with pectinmethylesterases and cellulases thought to be the
most important enzymes involved in strawberry softening; anthocyanins cause the
characteristic reddening (Hancock, 1999). In Michigan, three to four harvests are
possible, but plant yield and berry weight decrease through the season as the tertiary and
quarternary flowers develop(Pritts and Handley, 1998; Hancock, 1999).

Strawberries have two types of roots, perennial (primary) and lateral (feeder,
secondary) (Pritts and Handley, 1998; Hancock, 1999). Primary roots arise from the
crown chiefly in late summer and fall while lateral roots originate in the pericycle, push
through the cortex of the primaries and are the main source of absorption. Root growth
occurs primarily during non-fruiting and vegetative dormancy periods (Pritts and
Handley, 1998; Hancock, 1999). Good aeration is important as low soil oxygen and
water-logging favors root damaging fungi and death of rootlets depending on the duration
of standing water (Galleta, 1990; Hancock, 1999). The lateral roots live 1 to 2 years
while primary roots may live 2 to 3 years. The largest root concentration is in the top 15
cm of the soil with each plant usually maintaining about 20 to 30 primary roots with an

average length of 10 to15 cm (Pritts and Handley, 1998; Hancock, 1999). Dormancy is



caused by 4 to 6 weeks of short-day periods and is broken after sufficient chilling at -1 to
10°C (Hancock, 1999).

Commercially, strawberries are primarily propagated by digging runners in late
fall and early spring, then storing them at 0°C until spring planting. Runner tips are also
used for fall planting in the annual plasticulture system used in California and Florida
where most of the strawberries in the United States are produced. In the annual
plasticulture system, the plants are set at a high density on raised beds covered with black
polyethylene plastic in late summer after the day length decreases. The plants produce
large crowns during fall and they fruit in spring (Hancock, 1999). In polyethylene-
mulched production systems, the use of pre-plant soil fumigants is essential to control
soil pathogens, weeds, and nematodes (Locascio, 2005; and Rosskopf et al., 2005).

The United States produces approximately 20% of the world’s supply of
strawberries (Hancock, 1999). The strawberry crop is the highest valued berry crop,
accounting for about two-thirds of all berry revenues since the 1980’s in the United States
(Pollack and Perez, 2005). The United States is a net exporter of fresh strawberries,
primarily to Canada, but it is a primary importer of frozen strawberries from Mexico
(Cook, 2002). In 2006, the United States’ strawberry crop was valued at $1.5 billion and
harvested from 53,280 acres. California’s crop was valued at $1.2 billion and harvested
from 35,800 acres. Florida had a strawberry crop valued at $239 million in 2006.
Michigan’s crop was valued at $6.3 million and harvested from 950 acres (NASS, 2007).
California produces strawberries from January through October, and Florida’s harvest

covers the winter months. (NASS, 2007).



California is able to have such high yields because of the annual, plasticulture
system that utilizes soil fumigation to control pests and improved region-specific
varieties that can produce for 6 months instead of 4 weeks (Pritts and Handley, 1998;
Hancock, 1999; Cook, 2002).

The plasticulture system is not suitable for northern regions because of the risk of
spring frosts and the shorter growth period. In these regions, the matted row system is
used. This system requires that the flowers are removed the first year. In this system the
strawberry is grown as a perennial for 3 to 4 years. Harvest occurs for 3 to 5 weeks in
May to mid-June (Pritts and Handley; 1998). In Michigan, the strawberry season starts in
early June in the Lower Peninsula and ends in late July in the Upper Peninsula. Berrien,
Leelanau and Van Buren are Michigan's largest strawberry-producing counties (Long,
2002). Most of the Michigan crop is produced on “U-Pick” operations. In 2006,
Michigan had 200 strawberry farms totaling 850 acres (MDA, 2007).

In both of these systems, fumigation is employed to help control soil-borne
pathogens and weeds. Roots in fumigated soils have deeper penetration with more root
branching, and have lateral roots that live longer. Lateral roots are continuously replaced
as they die so the plant can continue to get nutrients from the same soil area (Galletta,
1990).

Strawberry growers in the United States use chemicals to control a variety of
diseases including: gray mold (Botrytis cinerea), anthracnose (Colletotrichum spp.),
powdery mildew (Podosphaera aphanis), leather rot (Phytophthora cactorum), angular
leaf spot (Xanthomonas fragariae), red stele (Phytophthora fragariae var. fragariae),

common leaf spot (Mycosphaerella fragariae), phomopsis leaf blight (Phomopsis



obscurans), leaf scorch (Diplocarpon earlianum) and BRR. In 2002, the ten primary
strawberry-producing states purchased and applied a total of 864,000 pounds of
fungicides, at a value of $12.09 million. A loss of 1.1 billion pounds of production with a
value of $707 million was predicted if fungicides had not been used (Gianessi and
Reigner, 2005). In 2001, it was estimated that in Georgia, methyl bromide fumigation
accounted for the largest single expenditure for disease control in strawberries. Root rots,
especially BRR, were estimated to have reduced crop value by 3%, with total costs,
including damage and control expenses, amounting to $255,000 (Williams-Woodward,
2001). It has been estimated that yields can be reduced by 50% if BRR is not controlled,
and control with fumigation can cost $1000 per acre (Long, 2002; EPA, 2006). Yuen e!
al. (1991) found that soil fumigation with methyl bromide and chloropicrin (MBC)
reduced the severity of BRR of strawberries in California. Root density was increased by
19-61% over the non-fumigated control, while harvests from fumigated plots were 24-

29% greater than untreated controls.

Black Root Rot Complex

First reported by Zeller in 1932, BRR is characterized by reddish brown lesions
on the feeder and structural roots of the strawberry plant, which darken to black with age
and result in the death of the root (Zeller, 1932). Many organisms and abiotic factors
have been implicated in the cause of the disease; however, Rhizoctonia fragariae Husain
& McKeen, Pythium spp., and the nematode Pratylenchus penetrans (Cobb) Filipjev and
Shuurmans Stekhoven are generally accepted as the primary pathogens (D’Ercole et al.,

1989; Wing et al., 1995; Maas, 1998). The role of R. solani Kiihn in the disease is



unclear, as much work done prior to Husain and McKeen’s discovery of R. fragariae
does not identify, or may have misidentified, the species of Rhizoctonia (Husain and
McKeen 1963a; Parmeter et al., 1967). Rhizoctonia fragariae has been more frequently
isolated than R. solani in several studies, but both have been found on strawberry roots
(Wilhelm et al., 1972; D’Erocole et al., 1989; Martin, 1988; Watanabe ef al., 1977).

Hildebrand (1934) found Gliocladium, Fusarium, Pythium, Hainesia,
Cylindrocladium, Coniothyrium, Rhizoctonia, Helminthosporium, Asterocystis spp., and
members of the Plasmodiophoraceae associated with BRR, while Nelson (1957)
demonstrated the pathogenicity of /driella lunata P.E. Nelson & S. Wilh. on strawberry
in California. Idriella lunata was also recovered during root isolations from strawberry
in Italy (D’Ercole et al., 1989). Katznelson and Richardson (1948) found Cylindrocarpon
associated with ‘Premier’ strawberries. Yuen et al. (1991) isolated Cylindrocarpon
destructans, Pythium ultimum Trow, and Pythium irregulare most frequently from
diseased strawberry plants in California. Damage caused by R. fragariae and other
primary pathogens may allow secondary fungi to invade the strawberry roots (Husain and
McKeen, 1963b). Weak parasites and saprophytes are more likely to be found in samples
collected in late spring and early summer, while samples taken in the late fall and early
winter have a better chance of containing R. fragariae (Husain and McKeen, 1963a).

Infection is most severe in moderately wet soils and when environmental
conditions are not conducive to plant growth. D’Ercole ef al. (1989) found that the
appearance of decline 10 to 15 days after planting was caused by agronomic problems,
while plants declining 50 to 60 days after planting harbored pathogens such as

Rhizoctonia, Verticillium, Pythium, Idriella, Fusarium and Cylindrocarpon.




Rhizoctonia spp.

While Rhizoctonia spp. are an immense group of fungi that are grouped
largely by their lack of distinctive taxonomic features, with teleomorphic states in both
the basidiomycetes and ascomycetes, the three groups associated with plant diseases
includes R. solani, the binucleate species, and the isolates with a Waitea teleomorph
(Vilgalys and Cubeta, 1994).

Rhizoctonia spp. have a highly variable growth rate, and some isolates may
produce spores. Under certain conditions, some species produce sclerotia-like tufts
consisting of short, broad cells that function as chlamydospores. The hyphae display
characteristic right-angle branching with dolipore septa and a moniliform resting cell
(Maas, 1998). The branches are slightly constricted and cross walls are present near the
junction. Infrequently, the perfect stage, Thanatephorus cucumeris (A.B. Frank) Donk, is
formed in the multinucleate species (R. solani), or Ceratobasidium spp. in the binucleate
species (Ogoshi and Ui, 1983; Burpee et al., 1980).

Rhizoctonia solani is a significant pathogen of many crops. Rhizoctonia solani
can cause rot in the strawberry crown and affects roots near the crown at 2 to 18°C with
crown infection favored at 18 to 32°C (Maas 1998). This and other Rhizoctonia species
are “collective” species consisting of several more or less unrelated strains. Strains are
distinguishable from each other by their relative ability to form anastomoses. Ogoshi and
Ui (1983) developed anastomosis groups (AG) for Japanese isolates, while Burpee ef al.
(1980) developed groups for North America. Ogoshi (1985) then compared the two
different groups and found that Burpee’s seven groups corresponded to several groups in

the Ogoshi system. Ogoshi’s anastomosis groups AG-A, AG-G, and AG-I have often
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been implicated in BRR of strawberries (Martin, 1988). The fungus overwinters usually
as mycelium or sclerotia in soil, infected perennial plants, propagation material, or even
seed depending on the host. It is present in most soils, and once established, impossible
to eliminate.

Rhizoctonia fragariae is represented in groups AG-A, AG-G, and AG-I. Isolation
frequency and virulence vary between and within each group and by site (Burpee ef al.,
1980; Martin, 1988; Mass, 1998; Martin, 2000). Martin (2000) found that isolates within
AG-I were particularily virulent and that AG groups differed between locations, and even
within a single location depending on the time of year. Each of these AG’s have different
host ranges that should be considered before incorporating certain crops into a rotation
prior to strawberry (Martin, 1988).

Husain and McKeen (1963a) first implicated R. fragariae in BRR, and reported
that it was primarily isolated from roots during cold periods. Disease seems to be
conditional on temperature, with R. fragariae germinating most rapidly in exudates on
strawberry roots grown at 5-10° C (Husain and McKeen, 1963b).

In some cases, Rhizoctonia fragariae has also been found to stimulate plant
growth. Scott et al. (2003) found that R. fragariae may be tolerated by strawberries
during cool weather due to more favorable conditions for root growth over fungal growth.
However, as temperatures increase the plant begins to show symptoms of infection that
had occurred earlier in the season (Scott et al., 2003). In greenhouse trials using the
variety ‘Redgauntlet’, R. fragariae was not as aggressive as R. solani (Molot and
Ferriere, 1989). Ribeiro and Black (1971) found that R. fragariae could actually

stimulate plant growth depending on environmental and nutritional conditions. This may
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explain why some Rhizoctonia spp. have been isolated from apparently healthy plants.

Another consideration is the stage of the infection process.

Pythium spp.

Pythium species belong to the class Oomycetes and are primarily known for
causing damping off in seeds and seedlings. The damage caused by Pythium spp. is
proportional to the amount of soil moisture present with it being greatest near the
saturation point (Hendrix and Campbell, 1973). These pathogens are pandemic.

Pythium produces a white, fast-growing mycelium that gives rise to sporangia,
which then form a vesicle, containing 100 or more zoospores. When the zoospores are
released, they swarm about and then encyst (Hendrix and Campbell, 1973). Zoospores
are attracted to the roots by exudates, with soil moisture influencing the distance over
which the exudates can stimulate the fungus (Hendrix and Campbell, 1973). Germination
of encysted zoospores occurs with the production of a germ tube, which usually directly
penetrates the host through the use of pectinolytic enzymes; the fungus then grows
between and through the cells, while proteolytic and sometimes cellulytic enzymes break
down protoplasts and cause complete collapse of invaded cells (Hendrix and Campbell,
1973).

The mycelium may give rise to oogonia, which, once fertilized, produce a thick
wall and become oospores that serve as the survival and resting stage on dead plant and
animal material as a saprophyte, or as a parasite on fibrous roots. Stanghellini and
Hancock (1970) found that sporangia are important survival structures for some species

such as P. ultimum. Germination of oospores is similar to that of sporangia, but is
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favored at temperatures above 18°C while temperatures between 10 to 18°C favor
zoospore germination (Hendrix and Campbell, 1973). Oospore germination is stimulated
by root exudates that contain sugars and amino acids (Hendrix and Campbell, 1973,
Nelson, 1990).

Pythium spp. rarely kill older plant hosts, but the plants develop root and stem
lesions and root rots; their growth is retarded, yields decrease, and they may wither and
die. Rootlets may be attacked at any point in the plant growth and the fungus can
proliferate quickly. Pythium diseases are favored by prolonged wetness and unfavorable
temperatures for the host, excess nitrogen, and growing the same crop for several years at
the same location (Hendrix and Campbell, 1973).

Watanabe et al. (1977) found that Pythium spp. played an important role in the
occurrence of strawberry stunt disease in the cool, wet conditions of Japan. Of the 58
fungal genera isolated from strawberry roots in Japan, Rhizoctonia spp. accounted for
25.2%, followed by Fusarium spp. at 19.6%, and Pythium spp. at 14.5%. Despite the
lower frequency of isolation, Watanabe ef al. (1977) found that P. ultimum was a primary
pathogen causing BRR symptoms in strawberry at temperatures below 20°C. They
suggested that the wetness of the drained rice paddy fields in which strawberries were
grown in Japan may be a contributor to the severity of root rot caused by Pythium spp.

In Japan, Watanabe et al. (1977) isolated P. sylvaticum Hendrix & Campbell
more frequently than P. ultimum from strawberry roots. In the United States, P.
sylvaticum was the most isolated Pythium species from strawberry roots in Southern

Illinois, but P. irregulare, and P. perniciosum were also common (Nemec and Sanders,
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1970; Nemec, 1970). Wilhelm (1953) found P. ultimum to be one of the most common
fungi associated with strawberry roots in California and established its role as a pathogen.

Increasing moisture affects the pathogen, which multiplies and disperses best in
wet soils, but higher moisture may also decrease the ability of the host to defend itself
because oxygen availability and soil temperature are reduced (Hendrix and Campbell;
1973). Pythium ultimum has been found to survive at -18°C for 24 months and in air-
dried soil for 12 years (Hendrix and Campbell, 1973). Pythium spp. frequently occurs in
a complex with other fungi such as in peanut pod rot with Fusarium spp. (Hendrix and

Campbell, 1973).

Nematodes

Nematodes in the genus Pratylenchus are commonly called root lesion
nematodes. Although the nematodes typically damage plant roots through the formation
of lesions, they are capable of damaging other underground shoot tissues such as those of
potatoes or peanuts. Many species have a wide host range, with some hosts able to
support multiple species (Mai and Mullin, 1960; Mai et al., 1977). Pratylenchus
penetrans is a migratory, endoparasitic root lesion nematode with nearly 400 known
hosts. It is considered the most important plant parasitic nematode in the northern United
States and Canada (Maas, 1998).

Pratylenchus penetrans has been shown to play a role in BRR. Hildebrand (1934)
originally suggested that BRR was caused by nematodes, while in the Netherlands
Klinkenberg (1955) concluded that nematodes may be a primary cause, but that fungi

move in secondarily to the wound sites to create more disease symptoms. Raski (1956)
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provided evidence that P. penetrans was probably not the most important factor in
plantings showing BRR symptoms, while Goheen and Bailey (1955) found that BRR was
associated with small as well as large populations of nematodes. Goheen and Smith
(1956) then showed that nematode-infested soils contributed to typical BRR symptoms
and severe stunting of strawberries, but Chen and Rich (1962) found that fungi more
readily infected necrotic tissue, suggesting that the nematodes predisposed the host for
infection by surrounding soil fungi. Finally, Townshend (1963) demonstrated the
pathogenicity of Pratylenchus penetrans on strawberries, showing that the nematode
causes root necrosis and polyderm formation beneath the damaged endodermis in the
stele.

The root lesion nematode can be identified by its flat, rounded head, overlapping
esophagus, a stylet that is 14 to19 pm long with a prominent basal bulb at the base of the
stylet (Mai and Mullin, 1960). The overlapping esophagus and head are the primary
means to make a positive identification; other characteristics discussed by Mai and
Mullin (1960) include a body that is less than 1.0 mm long, phasmids that are 1/3 the
length of the tail or more behind the anus, and a blunt rounded tail. On the lateral field,
four incisures can be found. When viewed under a microscope root lesion nematodes
often move slowly and gracefully (Mai and Mullen, 1960).

The root lesion nematode overwinters as eggs, juveniles, or adults in infected
roots (Dunn, 1972). Females lay a cluster of eggs in the cortex cells of the root or in the
soil. The first-stage larva stays in the egg and molts into a second-stage larvae, which
emerges from the egg 9 to 25 days after egg deposition, depending on temperature, and

starts feeding on root parenchyma cells (Mamiya, 1971). All stages are vermiform, and
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are morphologically similar except for reproductive structures. The nematode can infect
roots or other below-ground plant structure, but the third juvenile and females appear in
roots more often than males (Mai et al., 1977; Olthof, 1982). After hatching, the
nematode may move to new sites of infection, but all stages are usually found on the
same host (Dunn, 1972). The male-to-female ratio and life expectancy are influenced by
temperature, with higher temperatures shortening the life cycle. At 30°C, the life cycle
can be completed in 30 days but survival is better at 15°C. On average, the life cycle is
45 to 65 days (Mai er al., 1977; Kable and Mai, 1968).

Soil with a moisture tension (pF) around 1.8 to 2.5 maximizes root penetration,
while tensions above pF 5.06 result in the death of nematodes (Kable and Mai, 1968).
Soil texture plays a critical role in determining water tension, while organic soil
amendments can also influence populations of P. penetrans by changing soil structure
and water holding capacity (Miller et al., 1973).

Lee (2002) reported that the root lesion nematode finds it host most likely by
chemo-attraction or by sensing a potential gradient of ions. Root invasion occurs
preferentially 3-13 mm behind the root tip. A potential feeding site is created by rubbing
the epidermal cells with the lips and stylet, which is then thrust into the cell wall at rates
of up to 140 times per minute, starting at the corners of the cell and working along the
cell wall till it breaks (Mountain and Patrick, 1959; DiEdwardo, 1960; Freckman and
Chapman, 1972; Oyekan et al., 1972; Olthof, 1982; Kurppa and Vrain, 1985; Lee, 2002).
Penetration of the root is complete within 6-12 hours, and the mid-cortex is reached by
18-24 hours after inoculation. The endodermis acts as a barrier to invasion, except in

some plants after prolonged feeding (Mountain and Patrick, 1959; DiEdwardo, 1960;
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Freckman and Chapman, 1972; Oyekan et al., 1972; Olthof, 1982; Kurppa and Vrain,
1985).

Feeding can last for hours after a short salivation period, but feeding and
migration are interrupted by periods of rest that can last for hours (Lee, 2002). The
nematode moves through the cortical cells (Mai et al., 1977). The lesions appear mainly
on the younger feeder roots but may appear anywhere along the roots. Affected cortex
cells in the lesions collapse and the lesion area appears constricted. Cell death is often
delayed until after the nematode leaves, with nematode numbers often higher in diseased
tissue than in dead tissue (Lee, 2002).

Pathogenicity of P. penetrans is influenced by host resistance due to phenolics
produced in the roots or anatomical differences among plant species. Some hosts can
support large numbers of nematodes without showing injury. Other hosts may be
penetrated, but only a few cells around the infection site die where as others, such as
alfalfa, have numerous cells that die along the pathway of the nematode (Mai et al., 1977,
Lee, 2002). Secondary fungi and bacteria usually invade the lesions and contribute to the
discoloration and rotting.

Strawberry plants infected with P. penetrans appear stunted, have increased
drought sensitivity, fewer runners, and shorter, more erect petioles (Maas, 1998).
Pratylenchus penetrans alone or in combination with Rhizoctonia fragariae was found to
reduce strawberry yield over time (LaMondia, 1999). Stunted plants with BRR have
harbored R. fragariae and P. penetrans while symptomless plants nearby were infected
only with R. fragariae. The two pathogens act additively and not synergistically

(LaMondia and Martin, 1989). Pratylenchus penetrans can directly damage plants and
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may lower the host’s natural resistance to fungi making the combined damage of the
nematode and fungi worse than either alone (Powell, 1971). The nematode was found to
interact with R. fragariae among several other pathogens, allowing the associated
diseases to develop more quickly (Szczygiel and Profic-Alwansiak, 1989; Powell, 1971).
The interaction was more pronounced in sterilized than in unsterilized soil, probably due
to decreased antagonism by any other organisms naturally present. Szczygiel and Profic-
Alwansiak (1989) found that P. penetrans, Meloidogyne hapla Chitwood 1949, and
Longidorus elongatus (de Man, 1876) Thorne & Swanger 1936 could all interact with R.
fragariae to the detriment of the strawberry plant.

Other nematodes associated with strawberry roots include Longidorus elongatus,
Xiphinema americanum, and Meloidogyne spp. (Brown ef al., 1993). Chapman (1956)
found Xiphinema, Pratylenchus, and Tylenchorhynchus spp., all of which he felt should
be considered potential pathogens in Kentucky. Any nematode which damages the root

offers a potential entry point for fungi.

Other Factors Influencing Black Root Rot

Drought, winter injury, excessive fertilizer application, and excessive soil
moisture are all detrimental to the strawberry plant and can cause symptoms similar to
BRR (Perry and Ramsdell, 1994; Miller, 1948). Wing et al. (1995) discussed that no
single factor accounted for the majority of the observed variation in root health, and that
BRR may be caused by different factors in different fields. They also suggested that
several interacting factors are necessary. Poor root health was associated with soil

compaction and high soil clay and silt content. Wing er al. (1995) also found that raised
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beds (10-20 cm) were associated with better root health, while those under 10 cm had
poor root health. The age of the current planting, strawberry production on the site
within the previous 5 years, and cumulative period of strawberry production were all
significantly associated with poor root health (Wing ef al., 1995). Higher rates of the
herbicide terbacil were associated with poor health, possibly due to the stress imposed on
plants, predisposing them to infection by pathogens. Recently, however, Mervosh and
LaMondia (2004) found that rates of terbacil four times the maximum recommended
dosage did not result in an increased occurrence of BRR or reduced yield. Use of the
fungicide metalaxyl was associated with good root health (Wing et al., 1995).
Fumigation had a negative correlation with root health, possibly due to the ‘boomerang’
effect where fumigated areas are more quickly re-colonized by pathogens than by
beneficial antagonists, or it could be that areas with a history of disease were more likely

to have been fumigated (Wing et al., 1995).

Black Root Rot in Michigan

Over three years, seven samples suspected of BRR from various locations across
the state of Michigan, were processed. Over all these locations, Fusarium spp. were
commonly isolated (Glass, unpublished). While the cause of the decline at two of these
sites could not be adequately determined, Rhizoctonia spp., and at a separate site Pythium
spp., were each suspected to be the cause of decline. P. penetrans was determined to be
the cause at another location, while L. elongatus was causing the decline on a different

farm (Glass, unpublished).
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Through personal communications with extension staff and cooperators, the use
of fumigation, particularily methyl bromide seems to be limited. While a nursery in
Michigan fumigates for production of their nursery stock, each grower has a preferred
method that works at their location and in their management scheme (Bardenhagen and

DeLange, personal communication).

Current Control

Currently, recommendations for control of BRR consist of using crop rotation,
cover crops, good aeration and drainage, and fumigation (Maas, 1998; Martin and
Hancock, 1983; Perry and Ramsdell, 1994). If an existing planting develops BRR, a new
site should be chosen, or the old plants plowed under and the soil cultivated for several
months followed by fumigation and planting of healthy strawberries in the spring (Perry
and Ramsdell, 1994). Prevention is key; planting disease-free stock in fertile, well-
drained sandy loam is the best way to avoid this disease (Perry and Ramsdell, 1994).

Incorporation of organic matter can encourage beneficial organisms that are
antagonistic to pathogens (Perry and Ramsdell, 1994, Hoitink ef al., 1997). Also, good
cultural practices to prevent drought stress and winter injury, and a 3-to 5-year rotation
between strawberry plantings helps prevent disease (where fumigation is not possible)
(Perry and Ramsdell, 1994). LaMondia (2004) evaluated 21 commercial strawberry
varieties in naturally infested BRR soil for up to 3 years after planting, and found that
loss in plant vigor and increased plant mortality occurred during harvest, especially under
conditions of environmental stress. The best performing cultivars were ‘Earliglow’ (early

season), ‘Cavendish’ and ‘Lester’ (early-midseason), ‘Primetime’ (mid-season), and
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‘Idea’ and ‘Latestar’ (late-season). LaMondia (2004) found that evaluations should be
done over many years due to the complexity, and often specificity, of the disease within a
field. In addition, out of 20 strawberry genotypes evaluated over 2 years, ‘Cavendish,’
‘Bounty,’ and ‘Cabot’ were all found to perform well on soil naturally infested with
Rhizoctonia fragariae, Pythium spp., and P. penetrans in Michigan (Particka and

Hancock, 2005).

Methyl Bromide Fumigation

Fumigation with methyl bromide and chloropicrin was reported by Wilhelm e al.
(1963) to control Verticillium wilt of strawberry. Since that time it has been used as a
pre-plant eradicant of weeds, nematodes, and soil-borne pathogens. They showed that
soil productivity was limited not just by nutrients, but could be enhanced by fumigation
that eliminates pathogens (Wilhelm, 1965, 1984). The effectiveness of methyl bromide
in root rot disease control minimized the need for developing strawberry varieties with
resistance to root disease.

In 1992, the Montreal Protocol established methyl bromide as an ozone-depleting
substance and banned its use by January 1, 2005 in developed countries, or January 1,
2015 in developing countries (Anonymous, 1998; Rosskopf et al., 2005). When methyl
bromide is applied, it reacts in the soil to leave bromide ions, various methylated products
and carbon dioxide. The remainder of the gas escapes into the atmosphere (WMO,
2003). Reactions involving bromide are thought to contribute to 50% of the loss of the

ozone over Antarctica annually (Rosskopf et al., 2005).
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In 1996, global usage of methyl bromide for fumigation was 66,750 tonnes with
76% of that being used to fumigate soil within the United States (Anonymous, 1998).
Methyl bromide was widely used due to its penetrative nature and effectiveness over a
broad range of temperatures. Furthermore it did not disrupt farming practices due to the
quick efficacy and ability to air rapidly after application (Rosskopf er al., 2005). Methyl
bromide was of particular use as a pre-plant fumigant where a broad range of soil pests
limited economic production and where land was limited, forcing continuous same-crop
production. It was of particular value to the vegetable, fruit, ornamental, tobacco, and
nursery industries (Rosskopf et al., 2005). Until recently, methyl bromide was widely
used in the strawberry industry as a soil fumigant in production fields, but also in
nurseries to guarantee disease-free transplants. Florida alone accounted for 36% of pre-
plant methyl bromide use in 1997, with strawberry accounting for 9% of the total use in
that state (Rosskopf et al., 2005).

In 1998, the Methyl Bromide Technical Options Committee (MBTOC), met to
develop feasible alternatives to methyl bromide. Although there are critical use
exemptions for areas and industries that could not operate without methyl bromide, there
has been a re-examination of existing fumigants. These materials are limited in their
applicability as fumigants, as they can be highly variable in efficacy both by year and
location. In Florida, the best available alternative for strawberry consists of Telone +
35% chloropicrin, applied in-bed at 331 liters per treated hectare, 3-5 weeks before
transplanting. Fumigant application is supplemented by an herbicide tank mix of Goal
(oxyfluorfen) 0.56 kg/ha plus napropamide 4.5 kg/ha. A minimum 30-day interval is

required for Goal between applications and before transplanting (Rosskopf er al., 2005).
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There are many chemicals still under regulatory scrutiny including compounds from
plants or processed plant by-products (Rosskopf et al., 2005).

Each region will have to find alternatives that best fit the production schemes and
pests for that area. Soil type, climate, social, economic, regulatory, and political
situations all play into the success of a particular alternative. Factors limiting the
acceptance of alternatives include local availability, registration status, costs, labor, and
efficacy of control (Anonymous, 1998). Methyl bromide will continue to be used in
limited land areas where replant is essential and for pest-free propagation material, but
the methyl bromide use for these is small (Rosskopf et al., 2005). Although there is no
single replacement for methyl bromide, further research promises to develop an
integrated approach that will be safer for the environment and society. The future of
chemicals as a replacement for methyl bromide is unknown, and a movement towards a

more sustainable system is essential. One of the alternatives is biological control.

Biological Control

The rhizosphere is a dynamic environment. The mucilage excreted by the roots
supports both beneficial and potentially harmful organisms seeking to colonize the
growing root. Mycorrhizal fungi colonize the root cortex, forming arbuscules, vesicles,
and extramatrical hyphae or ensheath short roots helping the plant to acquire nutrients,
especially iron (Buyer and Sikora, 1991). Other microbial interactions involve antibiosis
against other microbes and induction of plant resistance mechanisms. The beneficial
microbes are antagonistic to plant pathogens by competition for food, essential elements,

and space (Whipps, 2001; Parke, 1991). Beneficial microbes include bacteria in the
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genera Streptomyces, Pseudomonas, and Bacillus, and fungi in several genera, with
potentially the most important being Trichoderma. These microbes enhance plant growth
by suppressing major pathogens, increasing nutrient availability, decreasing chemical
toxicity levels around the plant, or a combination of these (Whipps, 2001; Parke, 1991).
Some of the microbes parasitize pathogenic fungi by producing chitinases or antibiotics.
For instance, Streptomyces hygroscopicus var. geldonus produces a toxin called
geldanomycin which can inhibit R. solani (Chet et al., 1991; Fravel and Keinath, 1991).
Temperature, soil moisture, soil texture, pH, varietal differences and overall health of the
host, and growth rate of the microbe all influence the potential success of a biocontrol
organism (Parke 1991).

One biocontrol organism that has been used in the past is 7. harzianum Rifai.
Chet and Henis (1983) reported 70% control of R. solani with 150 g (dry wt) of their T.
harzianum preparation per square meter in a broadcast application in carnation. Control
was enhanced further by establishing carnations in peat moss with 15% by volume of the
T. harzianum preparation prior to planting in the infested field. Chet and Henis (1983)
also report that under field conditions, seed treatment with 7. hamatum (Bonord.) Bainier
reduced cotton damping-off caused by R. solani by 60%, and bare patches 23 days later
by 39%. It also increased density of plants by 14%. An integrated approach with soil
solarization or PCNB (pentachloronitrobenzene) improved control further. The use of
fumigation in conjunction with Trichoderma helped prevent the re-establishment of R.
solani and S. rolfsii in a peanut field. The Trichoderma prolonged control over methyl
bromide alone (Chet and Henis, 1983). Chet and Henis (1983) detail the findings that

Trichoderma is antagonistic through parasitism, and competition for nutrients for
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germinating sclerotia of R. solani and S. rolfsii . Trichoderma harzianum can use the R.
solani cell wall as a sole carbon source. Isolates of T. harzianum differed in the levels of
hydrolytic enzymes produced when mycelia of S. rolfsii, R. solani, and Pythium
aphanidermatum (Edson) Fitzp. were attacked in the soil. This correlated with the level
of control of each pathogen, suggesting that a specific Trichoderma species may be
required to control a specific pathogen (Chet and Henis, 1983).

Different groups within Trichoderma virens (J.H. Mill., Giddens & A.A. Foster)
Arx produce different antibiotics that differ in their control of Pythium ultimum versus
Rhizoctonia solani (Whipps, 2001). D’Ercole et al. (1989) found a reduction of post-
transplant blight incidence from 24.5% in the control to 11.5% in the treatment with 7.
harzianum as a liquid dip on ‘Gorella’ strawberries. Studies found that T-22
(Trichoderma harzianum) could increase nitrogen fertilizer efficiency in corn (Harman,
2000). It causes plants to be more robust and have more extensive root systems by
suppressing disease as well as stimulating plant metabolism (Harman, 2000). A
combination of a binucleate Rhizoctonia spp. and Gliocladium virens (J.H. Mill., Giddens
& A.A. Foster) Arx provided control of Rhizoctonia blight on tall fescue in laboratory
assays decreasing percent blighted plants to 14 to 26%, compared to 30-36% in the
control (Yuen et al., 1994).

Walker and Morey (1999) found that in pot and field experiments, commercial
microbial nematicidal products were not as effective as conventional control measures in
controlling the nematodes 7ylenchulus semipenetrans Cobb, Paratrichodorus lobatus
Colbran, and the root rot fungi Pythium ultimum and Phytophthora nicotianae var.

parasitica (Dastur.) Waterhouse in citrus. They did find that Actizyme [Bacillus subtilis
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(Ehrenberg) Cohn.] stimulated citrus growth, as did the herbicide oryzalin, but effective
control was not obtained by biological measures, and some of the products harmed the

plant.

Cultural Control

Besides biological controls, other non-chemical measures have been tested.
Katznelson and Richardson (1948) found that treatment of soil infested with strawberry
BRR with dried blood, acetic acid, or steam sterilization all resulted in the reduction of
the disease, while oat straw appeared to increase the severity of the disease. In California,
chloride salts decreased Pythium’s ability to colonize the soil resulting in a chance for
antagonists to become established (Martin and Hancock, 1983).

The build up of BRR pathogens over time has led to the recommendation of crop
rotation (Maas, 1998; Martin and Hancock, 1983; Perry and Ramsdell, 1994; LaMondia
et al.,2002). In Michigan ‘U-Pick’ operations, continual strawberry production is
common due to the few suitable locations for these enterprises and other economic
pressures. Continual cropping allows pathogen establishment and inoculum build-up. In
potato, wheat, barley, and corn, the more frequently a crop is in a rotation, the higher the
decrease in yield of that crop (Schippers et al., 1987). Hildebrand and West (1941) found
that strawberries grown after a soybean series in greenhouse experiments approached the
same level of disease as sterilized soil. ‘Saia’ oats (Avena strigosa Ard.) has had some
success in controlling P. penetrans and R. fragariae in a pot trial in the greenhouse
(Townshend, 1989). Elmer and LaMondia (1999) found that an application of

ammonium sulfate with ‘Saia’ oats or sorgho-sudangrass reduced P. penetrans
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populations in strawberry roots, and that a rotation with ‘Garry’ oats and ammonium
sulfate reduced root colonization by R. fragariae in a microplot study using ‘Honeoye’
strawberries. Brassica species such as oilseed radish, mustard, and canola have also
received attention due to the formation of isothiocyanates that have fungicidal and
nematicidal properties (Ettlinger and Kjaer, 1968; Snapp and Mutch, 2003).

Compost offers another means of control. Hoitink and Fahy (1986) discuss the
use of organic material for disease control, such as the incorporation of ammoniated
Douglas fir bark into soil which provided control for red stele in strawberry during the
first two years of the planting, and the use of composted hardwood bark to suppress
several species of nematodes including P. penetrans. Plant pathogens are removed from
composted materials by three mechanisms discussed by Hoitink and Fahy (1986): (1) the
high temperature achieved during the composting procedure, (2) release of lethal
chemicals during the process, and (3) microbial antagonism. Once the pathogens have
been eliminated, successful disease suppression is affected by the final particle size,
nitrogen, cellulose, lignin, and soluble salts content, as well as pH, any inhibitory
compounds released by the compost, and the population of beneficial microbial
populations (Hoitink ez al., 1997). The microorganisms provide control through the same
concepts as biocontrol products such as competition, antibiosis, hyperparasitism, and the
induction of systemic acquired resistance (Hoitink er al., 1997). The success of the
compost depends on the raw product from which it is derived and how it is handled. The
variability in compost stability is one obstacle that must be overcome. For instance,
control of R. solani by Trichoderma is better in mature compost as compared to fresher

organic matter because R. solani is a more fit saprophyte under those conditions (Hoitink

27



etal., 1997). At the same time, excessively mature compost does not support as diverse a
microbial population, allowing pathogens to cause disease (Hoitink ef al., 1997).

The recommendations for controlling BRR have not changed much over the past
seventy years. The central difficulty is that BRR is a disease complex and the pathogens
vary from site to site. Studies have implicated P. penetrans, but the disease can occur
with low populations of this nematode, or without them at all. Rhizoctonia fragariae
does not always have to be present to get BRR symptoms either. It seems that a
combination of abiotic and biotic factors predispose strawberry plants to invasion by
perhaps otherwise saprophytic or weakly parasitic fungi that then cause severe economic
loss. With the primary control measure being eliminated, it becomes necessary to find

alternative environmentally safe chemicals, biological alternatives, or cultural controls.
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