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Abstract

Over the past decade, a soybean root issue of unknown etiology
has been observed across a widespread geography in the
southern United States. Recently, pathologists began referring to
the problem as taproot decline of soybean, based on the ap-
pearance of root symptoms. Taproot decline has been observed
to cause foliar symptoms in vegetative and reproductive soybean
plants ranging in maturity from V6 to R6. Symptom expression
can appear similar to other notable root-associated diseases
except that taproot decline exhibits a progression of symptom
expression from subtle to severe interveinal chlorosis during the
season. However, one distinct symptom associated with taproot

decline is observed as darkened, black stroma on the taproot and,
in some cases, the lateral roots of affected plants. Pathogenicity
was confirmed by isolating the suspected fungus from naturally-
infected soybean roots in multiple states and completing Koch’s
postulates. The causal agent was identified, based on morphological
characters andmultilocus phylogenetic inference, as a member of
the Xylaria arbuscula aggregate. At present, research projects are
underway to address the role of the newly described disease and
extent of the pathogen in the southern soybean production
region in addition to developing integrated strategies for man-
aging the disease.

Soybean is one of the most important oilseed crops in 70 countries
(Hartman et al. 2015). Over the past five growing seasons in
Alabama, Arkansas, Louisiana, Mississippi, and Missouri, approx-
imately 5.7 million hectares of soybean were grown annually with
crop values ranging from $5.3 to $6.3 billion per year (Quick Stats,
USDA-NASS). In the southern United States, many soilborne
pathogens affect the soybean root system throughout the growing
season. These diseases include: charcoal rot (caused byMacrophomina
phaseolina (Tassi) Goidanich), Phytophthora root rot (caused by
Phytophthora sojae Kauf. & Gerd.), red crown rot (caused by
Cylindrocladium crotalariae (Loos) D.K. Bell & Sobers), root
dysfunction caused by southern root-knot nematode (Meloidogyne
incognita (Kofoid &White)), southern blight (caused by Sclerotium
rolfsii Sacc.), sudden death syndrome (SDS; caused by Fusarium
virguliforme O’Donnell & T. Aoki), and southern stem canker
(caused by Diaporthe aspalathi), which taken collectively as a root-
disease complex caused significant losses during the 2015 growing
season (Allen et al. 2016). Many of these soilborne diseases result in
foliar symptoms consisting of interveinal chlorosis and subsequent
necrosis that are difficult to distinguish from one another or from
nutritional imbalances based on foliar symptoms alone. However, in
general, observations of nutrient imbalances encompass larger areas
in fields where the diseases outlined above, in most cases, affect
smaller groups of plants.

Over the past 10 to 15 years, a malady most often referred to as the
“mystery disease” or improperly diagnosed as black root rot (caused
by Thielaviopsis basicola) has been encountered in soybean fields in
the mid-southern United States and more recently in the southeastern
United States. Popular press publications as well as posts on uni-
versity row-crop blogs (e.g., the Mississippi Crop Situation blog)
have broadly referred to the disease. Foliar symptoms associated with
the disease have been observed to be nearly identical to the afore-
mentioned soilborne diseases (Price et al. 2015; Tomaso-Peterson
et al. 2016). More recently, the malady has been referred to as taproot
decline by mid-southern plant pathologists because the symptoms
appear to progress on roots and shoots throughout the season from
vegetative through reproductive stages of soybean (Price et al. 2015;
Tomaso-Peterson et al. 2016).
Since the disease was initially observed by southern soybean

pathologists sometime around 2007, several attempts were made to
isolate and identify the causal organism. Therefore, the objective of
the current study was to isolate, identify, and confirm pathogenicity
of the suspected causal agent of taproot decline.

Symptoms of Taproot Decline
Taproot decline has been confirmed on soil textures varying from

sand to clay, and may be observed from early vegetative (V6) to full
seed (R6) soybean growth stages throughout the growing season
in the southern United States. Unlike some of the aforementioned
soybean diseases, the plants expressing symptoms of taproot de-
cline are most often sporadically distributed throughout soybean
fields, but can be linearly clustered within the planted furrow and
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are more easily observed during seed filling growth stages as
interveinal chlorosis and necrosis occurring on leaves throughout
the canopy (Fig. 1). However, foliar symptoms maymanifest during
vegetative stages with the appearance of subtle interveinal chlorosis

in the lower plant canopy (Fig. 2A). Most importantly, the severity
of interveinal chlorosis increases throughout the season from mild/
subtle symptoms (vegetative) to more severe interveinal chlorosis
(late reproductive). Closer examination of soybean plants in the row
adjacent to those exhibiting foliar symptoms may reveal smaller
plants that have died during seedling, vegetative, or reproductive stages
(Fig. 3). During advanced reproductive growth stages (.R5.5), af-
fected plants, if removed from the ground by grasping the main stem
and pulling, break at the soil line, leaving the bulk of the affected roots
below the soil surface. When plants are excavated, tap and lateral
root surfaces exhibit a blackened appearance (Fig. 4). Subsequent
microscopic F4 examination of blackened roots reveals stroma
(Fig. 5H). Often, F5 stromata are observed on soybean debris from
previous seasons within the furrow or in areas where the plant
residue collects as the result of irrigation or spring flooding (Figs.
5J and K). Plants, split longitudinally near the crown, often exhibit
white, cottony mycelial growth within the pith as well as a mild
vascular staining similar to SDS, red crown rot, and southern
blight (Fig. 6).

Isolation and Culture of the Pathogen
A 10-acre field of soybean planted to the cultivar ‘Asgrow 4632’

(Monsanto Co., St. Louis, MO), was observed exhibiting symptoms
of taproot decline at the Macon Ridge Research Station near
Winnsboro, LA, during 2015. The previous crop was soybean, and
the field was used for commercial soybean production and small

FIGURE 1
Interveinal chlorosis and necrosis caused by taproot decline as observed on
R5 to R6 soybean.

FIGURE 2
Interveinal chlorosis and necrosis caused by taproot decline on V6 soybean in the field (A) and in the greenhouse (B). Infected tap C and E and lateral (F) roots in
the greenhouse. Noninoculated (top) versus inoculated (bottom) soybean in the greenhouse (D).
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plot research in previous years. Taproot decline incidence in the
field was less than 10%. Five plants were excavated from the field
and brought to the laboratory. Foliar portions of the plants, cut
7.5 cm above the crown, were discarded. To remove soil and debris,
root crowns, taproots, and lateral roots were rinsed in tap water
for 15 min, surface sterilized in a 1:10 sodium hypochlorite solution
for 1 min, and again rinsed in tap water for 15 s. A final surface
disinfestation of lateral roots (~2-cm sections) was accomplished by
immersing in 1:10 sodium hypochlorite for 45 to 75 s, rinsing in
sterile, distilled water for 1 min, and placing on potato dextrose agar
containing chloramphenicol (75 ppm) and streptomycin sulfate
(125 ppm) (PDA-CS). Crowns and taproots were split longitudi-
nally under the laminar flow hood with a sterilized scalpel, and
white mycelia within the pith were directly transferred to PDA-CS
with a sterilized inoculation needle. Mycelial transfers and infested

lateral root tissues were incubated at room temperature (20 to 25°C
with a 12-h light:dark cycle) for 7 days. Colonies that originated
from diseased tissue were selected for subculturing via hyphal tip
transfer for subsequent analysis. Recovery of the suspected path-
ogen occurred 80% of the time, and fungi not fitting the description
below were discarded. Similar isolations of the pathogen exhib-
iting morphological identity in culture were conducted for suspect
roots from all of the states reporting taproot decline as outlined
above.
After 14 days of incubation on PDA-CS, colonies that were

initially white developed a grayish-black pigment on the surface
with black stroma on the reverse (Fig. 5G). Colonies were sterile,
circular in form with a starburst growth pattern, and flat with entire
margins similar to that observed by Callan and Rogers (1993).
Growth rate averaged 4.5 mm/day. Thin-section bright-field mi-
croscopy determined stromata to be sterile. Isolates (n 5 9) were
grown on 2% oatmeal agar (OA) (Difco; Becton, Dickinson, & Co.,
Franklin Lakes, NJ) at 20°C (12-h light:dark cycle) to compare with
other North American species that have been characterized on the
same medium (Callan and Rogers 1993). Growth rates were de-
termined by infesting the center of a 100-mm petri dish containing
25 ml of 2% OA with a plug taken from the margin of an actively
growing culture. Each isolate was plated to three replicates, and
three radial measurements were taken from the edge of the plug to
the margin of the colony for each plate (9 measurements per isolate)
every 72 to 96 h for 21 consecutive days. The majority of isolates
covered the plate in less than 3 weeks, and the average growth rate
was 1.9 (1.4 to 2.1) mm/day. As on PDA, colonies were initially
white and became gray, gray-brown, or black at maturity (Fig.
5A-C). The colony surface was flocculose to appressed with
scalloped to entire margins. The colony reverse was purplish-red
pigmented in some isolates (Fig. 5F), but the majority did not exhibit
any pigmentation (Fig. 5D). Stromata, similar to that produced by
Xylaria spp. (Gonzalez and Rodgers 1989), were frequently pro-
duced in culture after several weeks, although not abundantly (Fig.
5I). Most stromata were sterile, but conidia were produced on the
colony surface and on the stroma of a few isolates. Conidia were an
average of 5.6 3 2.0 mm, hyaline, and ellipsoid with a truncate,
basal secession scar (Fig. 5L). These characteristics were consistent
with the cultural and anamorphic features of Xylaria arbuscula
described in the synoptic key provided by Callan and Rogers
(1993).

Inoculum Production and Symptom Reproduction
Stem sections of AsGrow 4632 (7.5 cm long) were collected from

residue that originated in 2014 from the field described above and
used for inoculum production. Approximately 25 stem sections,
each approximately 7.6 cm long and weighing 10 g total, were
placed in an Erlenmeyer flask along with 100 ml distilled water and
autoclaved at 121°C for 20 min. After autoclaving, all excess water
was aseptically removed from flasks. A 14-day-old colony of the
suspected pathogen was aseptically transferred to the flasks (one
1-cm plug per flask), and incubated at 25°C with a 12-h light:dark
cycle for one month. Stem sections were removed from flasks to the
laboratory bench, placed on paper towels, and allowed to dry for
5 days. Soybean seed, AsGrow 4632, were planted (6 seed in 15-cm
pots) to Sunshine Professional Growing Mix #8 (Sun Gro Horti-
culture, Agawam, MA) supplemented with Osmocote 14-14-14,
slow release fertilizer (Everris NA, Inc., Dublin, OH). Prior to
planting, grooves 3.5 by 5 cm deep and wide, respectively, were
pressed into the growth medium along the diameter of pots. Seeds
were sown evenly across the diameter of the pots. Experimental
units were noninoculated, treated with sterilized soybean stems, or

FIGURE 3
Vegetative stage soybean death caused by taproot decline. Arrow indicates
the plant that died earlier in the season adjacent to one displaying mild
symptoms of interveinal chlorosis (left).

FIGURE 4
Soybean taproot displaying symptoms of taproot decline.
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inoculated with colonized soybean stems (one stem section per pot)
then covered with growth medium. Pots were flood-irrigated (no
direct water contact with the surface of the growthmedium) twice daily
and grown under supplemental lighting (Welthink LED, Hangzhou,
China) with a 12-h light:dark cycle in a greenhouse during the winter
months with temperatures ranging from 15.5 to 27°C. Pots were placed
in a randomized complete block design, treatments were replicated
three times, and the experiment was repeated twice.

After 3 to 4 weeks, foliar symptoms resembling those as observed
on affected vegetative plants in the field (e.g., subtle interveinal
chlorosis) developed in plants that were inoculated with colo-
nized stem sections (Fig. 2B). Upon excavation, tap (Figs. 2C
and 2E) and lateral (Fig. 2F) root sections of inoculated plants were
observed to be black in appearance due to the presence of stroma
resembling field symptoms. Plants that were not inoculated re-
mained asymptomatic (Fig. 2D). The fungus was reisolated from

FIGURE 5
Surface (A, B, C) and reverse (D, E, F) views of colonies of the taproot decline pathogen on 2% oatmeal agar. A view of the colony surface (G) of a 14-day-old
culture on potato dextrose agar amended with chloramphenicol (75 ppm) and streptomycin sulfate (125 ppm). Stroma (H) and stromata (I) of the taproot
decline pathogen in culture. Stromata (J, K) of the taproot decline pathogen in the field. Conidia of the taproot decline pathogen (L) (bar 5 10 mm).
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inoculated plants using procedures as previously described.
Axenic cultures of the reisolated fungus were identical to those
described for the original field isolate. The pathogen was not
isolated from noninoculated control plants.

Phylogenetic Characterization
Initial investigations in 2014 into the identity of the fungus,

isolate MSU_SB201401, used the sequence marker of the internal
transcribed spacer ITS1-5.8S-ITS2 (ITS) of the rRNA gene am-
plified with ITS5 and ITS4 (GenBank Accession No. KY433853)
(White et al. 1990). The resultant ITS BLASTN revealed #98%
similarity to Xylaria spp. In order to place the field isolate in
a phylogenetic context andmake amore precise species assignment,
we generated a draft genome sequence of the original field iso-
late, excised the internal transcribed spacer (ITS; Accession No
KY462780), partial alpha-actin (KY646105), partial sequence of
the second largest unit of RNA polymerase II (RPB2; KY646106),
and partial beta-tubulin (TUB; KY679571), and aligned with ho-
mologous reference sequences of Xylaria from previously pub-
lished studies (Hashemi et al. 2015; Hsieh et al. 2010; Persoh et al.
2009; U’Ren et al. 2016). Each locus was aligned using an iterative
refinement strategy (G-INS-i) in MAFFT v. 7 (Katoh and Standley
2013), and poorly aligned regions were removed with Gblocks v
0.91 (Castresana 2000; Talavera and Castresana 2007) using pa-
rameters resulting in a less stringent removal of alignment columns.
The best-fit model of nucleotide evolution was selected for each
locus in jModelTest 2 according to Aikake’s information criterion,
and the maximum likelihood (ML) phylogeny was estimated in Garli
2.01 (Zwickl 2006) from each locus independently as well as the
concatenated, partitioned alignment. Node support was estimated
from 1,008 bootstrap replicate datasets and support values mapped

FIGURE 7
Phylogeny of the taproot decline pathogen.

FIGURE 6
White mycelial growth within the pith and vascular staining associated with
taproot decline of soybean.
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to each ML tree. Each individual gene tree (not presented) and the
ML tree inferred from the concatenated alignment (Fig. 7) indicate
that the causal agent of taproot decline of soybean is a member of
the Xylaria arbuscula species aggregate and is strongly supported in
the concatenated phylogeny as sister to the sequences representing
Xylaria striata Pat. The multiple sequence alignment and tree file
are archived at TreeBase (treebase.org, ID 20443). Additional
sampling is needed to determine whether the causal agent of taproot
decline in soybean represents a novel species or is synonymous with
another species within the Xylaria arbuscula species aggregate.

Conclusion and Management Implications
To our knowledge, this is the first report identifying a causal

agent of taproot decline of soybean occurring in the southern United
States. In fact, short of a brief report of Xylaria sp. isolated from
soybean seed originating in Ethiopia in which disease was not
confirmed (Mengistu and Sinclair 1979), this marks the first report
of a species of Xylaria causing disease in soybean. Xylaria is
principally known to occur in soil and as saprotrophs of wood and
other plant parts, but they are also common as endophytes (Petrini
and Petrini 1985; U’ren et al. 2016). Few species of Xylaria are
reported as pathogens, although Xylaria mali is reported to cause
a damaging root rot of apples in the southeastern United States
and the Midwest (Rogers 1979; Rogers 1984). Another genus,
Kretschmaria, nested within Xylaria in recent phylogenetic studies,
contains several species reported to cause butt-rot and root diseases
of a wide range of woody angiosperms in the United States and
elsewhere (Hsieh et al. 2010; Rogers and Ju 1998; U’ren et al.
2016). Interestingly, all collections of Xylaria striata examined by
San Martı́n et al. (1999), the sister species to the taproot decline
isolate of soybean in our phylogeny, observed the stipe of the
teleomorph deeply buried in the soil, which suggested it could
originate from buried plant material. Rogers (1979) and Rogers and
Ju (1998) suggest that Xylariaceous pathogens are most likely
facultative parasites due to their ability to survive on dead plant
material, and this may be the mechanism by which taproot decline
overwinters in soybean fields.
Taproot decline appears to be mostly distributed throughout the

lower Mississippi River Valley; however, the disease has been ob-
served from as far east as the Huntsville, AL, area and as far north as
the southeast corner of Missouri. More research involving all aspects
of taproot decline of soybean is needed to better understand the
pathogen/host relationship and to develop effective management
strategies for stakeholders. Currently, anecdotal evidence indicates
that taproot decline may cause significant losses (up to 25%) in areas
with reduced tillage and soybean monoculture. A preliminary study
conducted in one field in 2014, relying on hand-harvested plots in
a commercial field of Asgrow 4632 to compare differences between
asymptomatic plants and those exhibiting taproot decline symptoms,
indicated that losses of 14 to 26% were possible in severe situations
(unpublished data). Surveys to consider the yield losses associated
with taproot decline on a larger scale are needed to assess the potential
impacts of this newly emerging root disease on the soybean industry.
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