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ABSTRACT

ARTICLE HISTORY

Gaeumannomyces graminis var. graminis (Ggg) has been the etiological agent of take-all root rot
(TARR) in St. Augustinegrass (Stenotaphrum secundatum) and root decline of the other warm-season
turfgrasses. Seventy-five Ggg isolates were obtained from St. Augustinegrass in central and east
Texas. Evaluation of colony morphologies on potato dextrose agar (PDA) within 2 wk and follow-up
multilocus phylogenic analyses revealed three phenotypic groups associated with different
Gaeumannomyces species: (i) G. floridanus, highly melanized with round colony formation; (ii)
G. arxii, none to slightly melanized with round colony formation; and (iii) G. graminicola, highly
melanized with irregular colony formation. Further examination with representative isolates from
each group revealed that their phenotypic characterizations supported the distinctive genetic
groups within Ggg associated with St. Augustinegrass TARR. Gaeumannomyces floridanus isolates
grew faster at warmer temperature (30 C) than G. arxii or G. graminicola. Pathogenicity assays using
rice seedlings indicated that G. floridanus was more aggressive in disease symptom development
than G. arxii or G. graminicola. A multilocus phylogeny reconstruction supported that most of
Gaeumannomyces isolates tested in this study were separated into three phylogenetically distinct
groups: G. floridanus, G. arxii, and G. graminicola. The resolution of intravarietal complexities of
causal fungi of TARR is important for proper diagnostics and management strategies for TARR in
St. Augustinegrass and other root-decline diseases in warm-season turfgrasses.

Received 9 September 2020
Accepted 23 January 2021

INTRODUCTION
Gaeumannomyces graminis (Sacc.) von Arx & D. Olivier
var. graminis (Ggg) is a soilborne, ectotrophic root
infecting fungus that is the etiological agent of take-all
root rot (TARR) in St. Augustinegrass (Stenotaphrum
secundatum (Walter) Kuntze) (Elliott et al. 1993).
During early stages of TARR, symptoms are character
ized by chlorotic patches of turfgrass resulting from
necrosis of the infected root system. As the disease
progresses, infected turfgrass areas will begin to thin
and eventually become devoid of plants. Ggg is also
associated with root decline or spring dead spot of
other warm-season turfgrasses such as bermudagrass
(Cynodon spp.) (McCarty and Lucas 1989; Elliott
1991),
centipedegrass
(Eremochloa
ophiuroides
(Munro) Hack.) (Wilkinson 1994), and zoysiagrass
(Zoysia spp.) (Wilkinson and Kane 1993). Together,
these diseases are termed as root-decline of warmseason turfgrasses (Smiley et al. 2005). Given the wide
distribution of these disease in warm-season turfgrasses,
their damage to turfgrasses is likely significant but their
economic impact has not been measured. Furthermore,
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Ggg is the etiological agent of crown (black) sheath rot of
rice (Oryza sativa L.) (Walker 1981).
Two other varieties of G. graminis included
Gaeumannomyces graminis var. avenae (E.M. Turner)
Dennis (Gga; syn. G. avenae) and Gaeumannomyces
graminis var. tritici Walker (Ggt; syn. G. tritici)
(Walker 1972), both of which infected a broad range of
wild grasses, wheat (Triticum aestivum L.), and other
cereals (Walker 1981). Gga was primarily associated
with take-all disease of oat (Avenae sativa L.) and caused
take-all patch of cool-season turfgrasses, whereas Ggt
was often associated with take-all of wheat and barley
(Hordeum vulgare L.) (Walker 1981). In addition to their
primary hosts, G. graminis varieties were distinguished
by spore and hyphopodium morphology. Gga and Ggt
produced simple hyphopodia, but Ggg produces lobed
hyphopodia (Walker 1981). Furthermore, G. graminis
varieties had a harpophora-like asexual morph, which
was exhibited by the production of lunate phialospores
(Walker 1981; Gams 2000; Luo and Zhang 2013; Luo
et al. 2015).
Nucleotide sequence–based analyses have been
used for differentiating G. graminis varieties, and
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many reports indicate variability within Ggg (Elliott
et al. 1993; Ward and Akrofi 1994; Fouly et al. 1996,
1997, 2011; Ward and Bateman 1999; Fouly 2002).
Randomly amplified polymorphic DNA (RAPD) mar
kers were used for identifying each of the G. graminis
varieties, and Ggg showed a greater diversity of band
ing patterns than G. graminis varieties avenae and
tritici (Fouly et al. 1996; Bryan et al. 1999). Sequence
analyses of rRNA have been used for making phylo
genetic comparisons of G. graminis varieties.
A phylogenetic analysis based on the internal tran
scribed spacer (ITS) region indicated that G. graminis
varieties avenae and tritici formed monophyletic
groupings, whereas Ggg appeared to be polyphyletic
(Fouly et al. 1997, 2011; Fouly 2002). A recent taxo
nomic study based on cultural morphology and mul
tilocus phylogenetic analyses revealed intravarietal
complexities of Ggg and proposed several new species
within Ggg (Hernández-Restrepo et al. 2016).
Given the new taxonomic reclassification of Ggg,
a need exists for characterizing the diversity of the
pathogen causing TARR on St. Augustinegrass and for
better understanding its phylogenetic relationships with
other Gaeumannomyces species. The objectives of this
study were to characterize Gaeumannomyces species
isolated from St. Augustinegrass in Texas based on (i)
morphological variation consisting of colony morphol
ogy, hyphopodium production, and asexual and sexual
structures; (ii) physiological variation of growth rate and
pathogenicity; and (iii) genetic variation based on
a multilocus phylogeny construction.

MATERIALS AND METHODS
Collection and isolation of Gaeumannomyces
species.—Gaeumannomyces species were isolated
from St. Augustinegrass sampled in central and east
Texas (SUPPLEMENTARY FIG. 1). St. Augustinegrass
samples were collected from 2013 to 2014 from Texas
A&M University at College Station, Texas A&M
AgriLife Research Center at Beaumont, and various
residential lawns. Samples were also provided by the
Texas Plant Disease Diagnostic Laboratory in College
Station.
Stolons bearing ectotrophic hyphae and lobed
hyphopodia were cut and washed under running tap
water for 5 min. Thin slices of infected stolon tissue
were excised to a length no longer than 5 cm and
were surface-sterilized in several volumes of 0.57%
NaClO for 45 s and rinsed once with sterile distilled
water. Surface-sterilized tissues were dried on
sterile 7.5-cm filter paper and were subsequently plated
on a semiselective medium containing the following:

potato dextrose agar (PDA; Difco Laboratories, Detroit,
Michigan) amended with mefenoxam (Mefenoxam 2
AQ; Makhteshim Agan of North America, Raleigh,
North Carolina), flutolanil (ProStar 70 WDG; Bayer
Environmental Science, Cary, North Carolina), and
iprodione (Ipro 2SE; Makhteshim Agan of North
America), each at 10 µg active ingredient per mL and
streptomycin sulfate at 100 µg/mL. Plates were incu
bated at 25 C and were monitored for hyphae that
curled back at the edges of fungal colonies, one of the
typical cultural characteristics of Ggg (TomasoPeterson et al. 2000). Hyphal tips were then transferred
to PDA for isolation. Long-term storage of each isolate
was achieved according to a method previously
described by Elliott (Elliott 2005), where eight plugs
of actively growing mycelium were cut using a 5-mm
cork borer and transferred to a 4-mL clear glass screw
cap vial containing 1.5 mL of sterile distilled water.
Vials were sealed with parafilm (Structure Probe,
West Chester, Pennsylvania) and kept in the dark at
ambient temperature.

Morphological characterization and growth rates.—
All isolates obtained for this study were evaluated for
variation of colony morphology. Actively growing
mycelium belonging to each isolate was transferred to
PDA (pH 6.0) using a sterile 5-mm cork borer. Within 2
wk of growth at 25 C, all isolates were evaluated and
grouped based on morphological features such as mela
nization and colony formation. Subsequently, four or
five isolates were randomly selected from each charac
teristic group for further evaluations of morphological
variation, growth rate, and pathogenicity and phyloge
netic analysis.
Selected isolates were observed for the production
of lobed hyphopodia, perithecia, and phialidic struc
tures after a 10-wk incubation period on PDA at 25
C. All plates used for cultural characterizations were
sealed with parafilm before starting the incubation
period. Hyphopodia, perithecia, asci, ascospores, and
phialidic structures were observed using an Olympus
CH30RF100 compound light microscope (Olympus
Optical, Tokyo, Japan), and images were acquired
with an AM4023 Dino-Eye USB digital eyepiece
(AnMo Electronics, New Taipei, Taiwan). Mean
phialospore and ascospore lengths were determined
from 10 of each spore type from each isolate using
the measuring tool provided with DinoCapture 2.0
(version 1.5.4; AnMo Electronics). Measurements
were made under a 40× objective lens, and spores
were acquired either by flooding plates with sterile
distilled water or from agar scrapings.
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Actively growing mycelium was transferred from
selected isolates to three replicates of PDA using
a sterile 5-mm cork borer, and plates were allowed to
incubate at 20, 25, 30, and 35 C for 3 d. Radial growth
was obtained by taking two perpendicular measure
ments of the colony diameter, calculating their average,
and dividing the mean by 2. Radial growth was mea
sured every 24 h, and the mean growth rate (mm/d) was
calculated by averaging radial growth acquired from 1
and 2 d following the first day of incubation. Growth
rate experiments were repeated once, and data were
combined for analysis.

Rice seedling pathogenicity assay.—Rice cv. Presidio
was used for root infection assays, which were similarly
performed as previously described for G. graminis
(Bowyer et al. 1995; Dufresne and Osbourn 2001).
Inoculum was prepared by recovering each selected iso
late onto PDA from long-term storage for the production
of actively growing mycelium. Rice seeds were surfacesterilized in several volumes of 1.2% NaClO for 10 min
and rinsed 10 times with sterile distilled water. Seeds were
pregerminated in a Petri dish containing two 7.5-cm filter
papers moistened with 3 mL of sterile distilled water
before sealing with parafilm and incubating at 29 C for
24 h. Filter paper was added to the bottoms of 66-mL
plastic cone-tainers (Stuewe & Sons, Corvallis, Oregon),
which were subsequently filled with sterile moistened
vermiculite (Therm-O-Rock West, Chandler, Arizona)
to leave 3 cm of space at the top of each cone-tainer.
Five plugs of actively growing mycelium from each isolate
were cut using a 5-mm cork borer and placed on the
surface of vermiculite in each cone-tainer. Five sterile
PDA plugs were used as a negative control. There were
four replicates per treatment. Each tube was then filled
with an additional layer of vermiculite to leave 1.5 cm of
space at the top. Two germinating rice seeds were added
at the top of this layer, which were then covered with
a final layer of vermiculite to fill to capacity. Prepared
units were placed in a model 2015 diurnal growth cham
ber (VWR, West Chester, Pennsylvania) set at a constant
temperature of 25 C with a photoperiod of 16 h and light
intensity of 86.6 µmol/m2/s. All cone-tainers were
watered daily to saturation for the first week of incubation
and once every 4 d thereafter. After the first week of
incubation, each tube was fertilized with 5 mL of MiracleGro Water Soluble All Purpose Plant Food (Scott’s
Miracle-Gro Products, Marysville, Ohio) according to
the label recommendations. At the end of the experiment,
roots were carefully washed free of vermiculite under
running tap water, and shoot heights, root lengths, and
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root lesions were measured to determine disease devel
opment. The experiment was performed twice, where the
first and second experiments were terminated after 26
and 42 d post inoculation (dpi), respectively.
A disease scale developed by Datnoff et al. (1997)
was used to evaluate the severity of root lesions,
where roots were scored based on the following: 1
= no discoloration of the root system; 2 = 1% to 25%
of roots exhibiting black lesions or a general tan
discoloration of the entire root system; 3 = 26% to
50% of roots with black coalescing lesions; 4 = 51%
to 75% of roots with black coalescing lesions; and 5 =
76% to 100% of roots with black lesions. The disease
scores of roots were converted into a percent root
disease index (RDI) using the formula developed by
McKinney (McKinney 1923). The RDI was calculated
as {[(a × 1) + (b × 2) + (c × 3) + (d × 4) + (e × 5)] ×
100}/[(a + b + c + d + e) × 5], where a, b, c, d, and
e are the numbers of plants with disease scores of 1,
2, 3, 4, and 5, respectively.
Leaf sheathes were observed for the development of
hyphopodia and perithecia. Ten ascospores from each
isolate were measured under a 40× objective lens using
the measuring tool provided with DinoCapture 2.0.
Infected root tissue was surface-sterilized with 0.57%
NaClO, rinsed once with sterile distilled water, and
plated on the previously described semiselective med
ium for reisolating Gaeumannomyces species.

DNA extraction.—Genomic DNA was isolated from
selected Ggg isolates according to modified procedures
by Thomas and Kenerley (Thomas and Kenerley 1989).
Each isolate was grown on PDA at 25 C until Petri dishes
were entirely colonized. Fifty milliliters of glucose yeast
extract broth (GYEB; 0.5 g of glucose, 0.25 g of yeast
extract, and 50 mL of distilled water) was heavily inocu
lated with agar scrapings of mycelium using a sterile
scalpel and was allowed to incubate for 4 d at 25 C while
shaking at 100 rpm. Fungal tissue was harvested by filter
ing with sterile 7.5-cm filter paper and washing with
several volumes of sterile distilled water. Harvested tissue
was pressed dry with sterile paper towels and ground to
a fine powder in liquid nitrogen. Approximately 0.25 to
0.5 g of crushed fungal tissue was added to a 1.5-mL
microcentrifuge tube and mixed with 500 µL of extraction
buffer (50 mM Tris-HCl [pH 8.0], 50 mM sodium-EDTA
[sodium-ethylenediaminetetraacetate; pH 8.0], and 2%
SDS [sodium dodecyl sulfate]), which was incubated for
30 min at 68 C. After incubation, a phenol-chloroform
extraction method was performed to purify DNA
(Sambrook et al. 1989). Purified DNA was treated with
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RNase and quantified using a NanoDrop ND-1000 spec
trophotometer (NanoDrop Technologies, Wilmington,
Delaware). Extracted DNA was stored at −20 C until
further use.

Phylogenetic analysis.—Regions of three loci were
amplified from representative isolates: (i) nuclear rDNA
internal transcribed spacer region ITS1-5.8S-ITS2 (ITS);
(ii) partial 28S rDNA (28S); and (iii) partial RNA poly
merase II largest subunit gene (rpb1). Partial ITS and 28S
regions were amplified using previously developed ITS1/
ITS4 (White et al. 1990) and LS1/LR5 primer sets (White
et al. 1990; Rehner and Samuels 1995). Primers were
developed for amplifying a partial rpb1 region, which
were termed rpb1-NF (5′-AAG ATC CTG GAG ATG
GTG TGC C-3′) and rpb1-NR (5′-TGC CCT TGG ACG
AGC G-3′) for forward and reverse primers, respectively.
The rpb1-NF and rpb1-NR primers were designed to
flank rpb1 sequences of published Gaeumannomyces vari
eties retrieved from the National Center for
Biotechnology Information (NCBI) GenBank database
(http://www.ncbi.nlm.nih.gov/nucleotide) using Primer
Premier (version 5.0; Premier Biosoft International, Palo
Alto, California).
Polymerase chain reaction (PCR) of ITS, 28S, and
rpb1 regions were performed with the GoTaq PCR
Core System I kit in 50-µL reactions following the man
ufacturer’s protocol (Promega, Madison, Wisconsin).
PCR amplification was carried out in a model 2720
thermal cycler (Applied Biosystems, Warrington, UK).
PCR amplification of the ITS region was performed
under the following cycling conditions: initial denatura
tion step at 95 C for 3 min, followed by 40 cycles of 95
C for 45 s, 50 C for 45 s, and 72 C for 1 min, and a final
extension step of 72 C for 5 min. PCR amplification of
the 28S region was performed under the following
cycling conditions: initial denaturation step of 95 C for
2 min, followed by 30 cycles of 95 C for 30 s, 57 C for 1
min, and 72 C for 70 s, and a final extension step of 72
C for 10 min. PCR amplification of the rpb1 region was
achieved under the following cycling conditions: initial
denaturation step at 95 C for 2 min, followed by 35
cycles of 95 C for 30 s, 56 C for 1 min, and 72 C for 1
min, and a final extension step of 72 C for 5 min.
PCR products were extracted and purified from a 1.8%
agarose gel using the Wizard SV Gel and PCR Clean-Up
System (Promega) according to the manufacturer’s pro
tocol. Sequencing reactions were performed using ABI
BigDye (PerkinElmer, Norwalk, Connecticut) reaction
mix, where 6 µL of each extracted template and 2 µL of
ITS, 28S, or rpb1 forward or reverse primers (5 µM) were
added to 2 µl of ABI BigDye. PCR reactions were

performed using a model 2720 thermal cycler (Applied
Biosystems) under the following cycling conditions:
initial denaturation step at 96 C for 2 min, followed by
40 cycles of 96 C for 30 s, 42 C for 15 s, and 60 C for 4
min. Following PCR reactions, 10 µL of nuclease-free
water was added to each reaction, and Spin-50 minicolumns with Sephadex-G50 (Biomax, Odenton,
Maryland) were used to purify PCR products according
to the manufacturer’s protocol. Cleaned reactions were
vacuum-dried for 30 min and submitted to the Texas
A&M University Gene Technology Laboratory for
sequencing of targeted genes using an ABI 3100 auto
mated sequencer (Applied Biosystems).
After initial sequences were edited, consensus
sequences were constructed. Sequences determined
during this study were aligned with published
Gaeumannomyces species sequences retrieved from
the NCBI GenBank database. Sequences were aligned
using DNAMAN (version 8.0; Lynnon Biosoft, Quebec
City, Quebec, Canada). Multiple sequence alignments
provided the selection of 445, 752, and 614 nucleotide
characters with gaps from regions of ITS, 28S, and
rpb1, respectively. A total of 1814 nucleotide characters
with gaps from combined sequences were used to
determine the Tamura-Nei model with gamma distri
bution as the best-fit nucleotide substitution model for
a maximum likelihood (ML) statistical analysis
(Tamura et al. 2013) and the Subtree-PruningRegrafting algorithm for a maximum parsimony (MP)
analysis (Nei and Kumar 2000). The ML and MP phy
logeny constructions were carried out with 1000 boot
strap replicates using MEGA7 (Kumar et al. 2016). The
best-fit model analysis and multilocus phylogeny
reconstruction were determined with combined
sequences after the complete deletion of gaps. ITS,
Table 1. Species names, isolate numbers, and GenBank
accession numbers of Gaeumannomyces species isolated from
St. Augustinegrass in Texas and evaluated for the phylogenic
analysis.
GenBank accession numbers of loci
Species
G. arxii
G. arxii
G. graminicola
G. floridanus
G. graminicola
G. floridanus
G. arxii
G. graminicola
G. arxii
G. arxii
G. floridanus
G. graminicola
G. graminicola
G. floridanus

Isolate numbers
MZTX9-1
MZTX28-1
MZTX29-1
MZTX34-1
MZTX35-1
MZTX38-1
MZTX40-1
MZTX42-1
MZTX44-2
MZTX45-1
MZTX50-1
MZTX67-1
MZTX70-1
MZTX73-1

ITS
KR610476
KR610478
KR610479
KR610480
KR610481
KR610482
KR610483
KR610484
KR610485
KR610486
KR610487
KR610488
KR610489
KR610490

28S
KR610491
KR610493
KR610494
KR610495
KR610496
KR610497
KR610498
KR610499
KR610500
KR610501
KR610502
KR610503
KR610504
KR610505

rpb1
KR610506
KR610508
KR610509
KR610510
KR610511
KR610512
KR610513
KR610514
KR610515
KR610516
KR610517
KR610518
KR610519
KR610520

Note. ITS = internal transcribed spacer regions and intervening 5.8S rDNA; 28S =
partial 28S rDNA; rpb1 = partial RNA polymerase II largest subunit gene.

MYCOLOGIA

28S, and rpb1 sequences of Gaeumannomyces isolates
determined in this study (TABLE 1) and utilized for the
multilocus phylogeny reconstruction were deposited in
GenBank (https://www.ncbi.nlm.nih.gov/genbank/).
Sequences of these isolates were compared with those
of Gaeumannomyces species reclassified by HernándezRestrepo et al. (2016) (SUPPLEMENTARY TABLE 1).
Statistical analyses.—Equality of variances between
two growth rate experiments by incubation tem
perature was determined with a two-tailed F test.
Combined data were then analyzed using a two-way
factorial analysis of variance (ANOVA) with isolate
and experiment as the main effects. Experiment or
isolate-experiment interactions were removed from
the model given that no significance (P ≤ 0.05)
was observed. Means between isolates at each incu
bation temperature were separated using Fisher’s
protected least significant difference (LSD) test at
P = 0.05.
One-way ANOVAs were performed to determine
differences in phialospore lengths between morphologi
cal groups, and one-way ANOVAs were performed to
determine the differences in the RDIs, root lengths, and
shoot heights between treatments and between morpho
logical groups. Means were separated using Fisher’s
protected LSD test at P = 0.05. All experiments in this
study were analyzed as a completely randomized design,
and ANOVAs and means separations were carried out
using PROC GLM with SAS (version 9.4; SAS Institute,
Cary, North Carolina).

RESULTS
A total of 75 Gaeumannomyces isolates were isolated
from St. Augustinegrass plants showing TARR symp
toms (TABLE 2). Evaluation of colony morphologies on
PDA from the entire collection revealed three distinct
morphology groups. The multilocus phylogenetic ana
lyses based on partial sequences of ITS, 28S, and rpb1 of
representative isolates revealed the cultural morphology
groups as three different Gaeumannomyces species pro
posed by Hernández-Restrepo et al. (2016): (i)
G. floridanus, showing highly melanized mycelium
with round colony formation; (ii) G. arxii, showing
none to slightly melanized mycelium with round colony
formation; and (iii) G. graminicola, showing highly mel
anized mycelium with irregular colony formation
(FIG. 1). Gaeumannomyces floridanus, G. arxii, and
G. graminicola constituted 9.3% (n = 7), 81.3%
(n = 61), and 9.3% (n = 7) of the entire collection
based on the culture morphology, respectively.
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Table 2. Texas counties and 75 isolates of Gaeumannomyces
species from St. Augustinegrass used in this study.
County
Brazoria
Brazos
Collin
Comanche
Conroe
Dallas

Denton
Gillespie
Harris
Henderson
Jefferson
Kaufman
McLennan
Montgomery
Nacogdoches
Nueces
Parker
Smith
Tarrant

Travis
Williamson

Isolates
MZTX57-1
MZTX25-2, MZTX85-1, MZTX80-1, MZTX10-2b,
MZTX11-1b, MZTX47-1, MZTX8-1b, MZTX9-1b
MZTX67-1, MZTX36-1
MZTX88-1
MZTX12-1
MZTX75-1, MZTX76-1, MZTX66-1, MZTX33-1,
MZTX51-1, MZTX6-2, MZTX7-1, MZTX24-1,
MZTX70-1, MZTX68-1, MZTX30-2, MZTX39-1,
MZTX38-1, MZTX45-1, MZTX72-1, MZTX18-2,
MZTX52-1, MZTX74-1, MZTX87-1
MZTX61-1, MZTX50-1
MZTX73-1
MZTX34-1, MZTX43-1
MZTX14-1, MZTX35-1, MZTX37-1
MZTX1-2a, MZTX2-2a
MZTX53-2
MZTX49-1, MZTX59-1
MZTX63-1, MZTX32-2
MZTX28-1
MZTX19-2, MZTX40-1
MZTX86-1, MZTX31-1
MZTX64-1
MZTX91-1, MZTX22-1, MZTX41-1, MZTX90-1,
MZTX5-2, MZTX65-1, MZTX93-1, MZTX44-2,
MZTX15-2, MZTX23-1, MZTX42-1, MZTX56-1,
MZTX71-1, MZTX16-1, MZTX29-1, MZTX55-1
MZTX20-1, MZTX89-1, MZTX83-1
MZTX62-2, MZTX69-2, MZTX21-1

a

Isolates collected from the Texas A&M AgriLife Research Center in
Beaumont, Texas. bIsolates collected from the Texas A&M University in
College Station, Texas. All other isolates, with the exception of MZTX80-1
and MZTX12-1, were provided by the Texas Plant Disease Diagnostic
Laboratory.

All representative isolates produced lobed hyphopodia
on rice sheathes (FIG. 1H; TABLE 3). All G. floridanus
and G. graminicola isolates also produced high quantities
of lobed hyphopodia on the sides and bottoms of PDA
Petri dishes, whereas G. arxii isolates produced low quan
tities (≤100) of lobed hyphopodia or no hyphopodia on
PDA (TABLE 3).
All representative isolates of G. floridanus and
G. graminicola produced flask-shaped perithecia either
on PDA, on the culms of rice seedlings, or on both
(FIG. 1E and G; TABLE 3). Perithecia were dark brown
to black and were embedded in the PDA or produced
underneath black lesions of rice sheathes, where they
protruded for the liberation of ascospores. Ascospores
were hyaline with multiple septations, filiform, slightly
curved, and ranged from 80.8 to 91.2 µm in length. All
tested isolates of G. arxii did not produce perithecia.
Hyaline and lunate phialospores were produced by all
representative isolates (FIG. 1D; TABLE 3). Mean phia
lospore lengths for G. floridanus, G. arxii, and
G. graminicola isolates were 7.9, 7.3, and 8.3 µm, respec
tively. The mean phialospore length produced by
G. arxii isolates was shorter than those of G. floridanus
and G. graminicola, and mean phialospore lengths were
similar among G. floridanus and G. graminicola (FIG. 2).
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Figure 1. Culture morphology on potato dextrose agar (PDA) at 25 C and microscopic images of Gaeumannomyces isolates.
Gaeumannomyces isolates can be differentiated based on the phenotypes on PDA. A. G. floridanus = highly melanized with round
colony formation. B. G. arxii = non- to slightly melanized with round colony formation. C. G. graminicola = highly melanized with
irregular colony formation. D. Phialides and phialospores produced on PDA (arrows labeled PL and PS indicate phialide and
phialospore, respectively). E. Perithecium and liberating asci and ascospores produced on PDA. F. Asci and ascospores produced on
PDA. G. Perithecia protruding through leaf sheath of rice seedling (arrows labeled AS indicate liberating asci and ascospores). H. Lobed
hyphopodium branching from ectotrophic runner hypha produced upon leaf sheath of rice seedling (arrow labeled PP indicates
penetration peg).

All isolates grew best on PDA at 25 or 30 C (TABLE 4).
At temperatures from 20 to 30 C, G. graminicola isolates
tended to grow slower than G. floridanus and G. arxii
isolates tested. Gaeumannomyces arxii isolates were com
pletely inhibited by the 35 C temperature, whereas

G. floridanus and G. graminicola isolates continued to
grow.
All representative isolates produced distinct root
lesions on rice seedlings at 26 and 42 dpi. Mean RDIs
(%) for G. floridanus, G. arxii, and G. graminicola at 26
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Table 3. Morphological characteristics of Gaeumannomyces isolates on potato dextrose agar (PDA) and rice sheath.
PDAa

Species
G. floridanus

Isolates
MZTX34-1
MZTX38-1
MZTX50-1
MZTX73-1
MZTX28-1
MZTX40-1
MZTX44-2
MZTX45-1
MZTX9-1
MZTX29-1
MZTX35-1
MZTX42-1
MZTX67-1
MZTX70-1

G. arxii

G. graminicola

Hyphopodia
++
++
++
++
0
0
+
0
+
++
++
++
++
++

Rice sheathb

Ascospore length
(mm)
NDd
ND
ND
90.8 ± 5.2e
ND
ND
ND
ND
ND
83.0 ± 5.4
83.1 ± 4.2
91.2 ± 5.5
84.9 ± 5.8
86.3 ± 9.4

c

Phialospore
length
(mm)
7.5 ± 1.0
7.4 ± 0.9
9.1 ± 2.5
8.0 ± 1.0
6.3 ± 0.6
6.9 ± 0.6
8.6 ± 1.2
6.8 ± 0.9
7.8 ± 1.3
7.8 ± 1.2
8.0 ± 0.8
8.5 ± 1.6
9.0 ± 1.6
8.3 ± 1.2

Ascospore
length
(mm)
81.5 ± 5.1
84.2 ± 4.7
86.5 ± 4.8
82.8 ± 4.0
ND
ND
ND
ND
ND
80.8 ± 8.1
89.1 ± 3.9
ND
82.6 ± 4.6
86.7 ± 5.9

Hyphopodia
+
+
+
+
+
+
+
+
+
+
+
+
+
+

a

Fungal cultures on potato dextrose agar observed after 10 wk at 25 C.
Rice cv. Presidio seedlings were observed 42 d post inoculation with Gaeumannomyces species.
c
Lobed hyphopodia produced on Petri dishes were categorized based on the following: 0 = hyphopodia not developed; + = low quantities (<100) of
hyphopodium production; ++ = high quantities (≥100) of hyphopodia.
d
ND = not determined due to failure of perithecial development.
e
Means followed by ± standard deviation (n = 10).
b

Table 4. Mycelial radial growth rates of Gaeumannomyces spe
cies on potato dextrose agar at 20, 25, 30, and 35 C.
Mean mycelial radial growth rate (mm/d)a
Species
G. floridanus

Isolates
MZTX34-1
MZTX38-1
MZTX50-1
MZTX73-1
G. arxii
MZTX28-1
MZTX40-1
MZTX44-2
MZTX45-1
MZTX9-1
G. graminicola MZTX29-1
MZTX35-1
MZTX42-1
MZTX67-1
MZTX70-1

20 C
6.0 bcb
5.4 d
3.2 g
6.4 a
4.5 f
5.0 e
4.6 f
5.5 d
5.9 c
2.0 i
3.0 g
2.5 h
4.4 f
4.6 ef

25 C
8.8 b
9.3 a
7.0 e
9.5 a
7.0 e
8.0 c
7.6 d
8.1 c
8.6 b
6.5 f
5.5 g
5.5 g
7.1 e
7.0 e

30 C
10.1 a
10.3 a
6.9 b
10.3 a
6.0 c
6.0 c
6.4 c
7.1 b
7.2 b
5.0 d
4.4 e
4.8 de
6.2 c
7.3 b

35 C
1.2 c
1.6 b
0.9 d
3.5 a
0.0 h
0.0 h
0.0 h
0.0 h
0.0 h
0.4 fg
0.8 de
0.5 f
0.6 ef
1.0 cd

G. graminicola

G. arxii

G. floridanus

a

Figure 2. Mean phialospore lengths produced by Gaeumannomyces
floridanus, G. arxii, and G. graminicola isolates. Means followed by
the same letter are not significantly different according to Fisher’s
protected least significant difference test at P = 0.05.

dpi were 53.3, 36.0, and 39.8, respectively. At 42 dpi,
mean RDIs for G. floridanus, G. arxii, and
G. graminicola were 87.9, 63.0, and 66.5, respectively.
Their RDIs were greater than the noninoculated

Radial growth was measured every 24 h for 3 d, and the mean growth rate
was calculated by averaging radial growth acquired from 1 and 2
d following the first day of incubation.
b
Means followed by the same letter in each column are not significantly
different based on Fisher’s protected least significant difference test at
P = 0.05.

control except three isolates (G. arxii MZTX40-1,
G. arxii MZTX45-1, and G. graminicola MZTX67-1)
in the 26 dpi experiment (FIG. 3; TABLE 5). Disease
ratings were similar within each Gaeumannomyces
species. Gaeumannomyces floridanus isolates produced
a mean RDI greater than those of G. graminicola or
G. arxii isolates, whereas G. graminicola or G. arxii
isolates were not different in RDI from each other
(FIG. 4A and 4B).
None of the isolates suppressed shoot heights at 26
dpi. However, all but three (G. arxii MZTX9-1, G. arxii
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Figure 3. Root lesions of rice cv. Presidio seedlings produced by Gaeumannomyces isolates at 26 d post inoculation. Rice seedlings were
treated with five plugs of potato dextrose agar as a noninoculated control or five plugs of actively growing mycelium of
Gaeumannomyces isolates. A. Noninoculated control. B. G. floridanus. C. G. arxii. D. G. graminicola. Numbers indicate isolate numbers.

MZTX28-1, and G. graminicola MZTX42-1) had shorter
shoot heights at 42 dpi (TABLE 5). Mean shoot heights
produced by plants inoculated with G. floridanus,

G. arxii, and G. graminicola at 42 dpi were 13.5, 15.9,
and 14.1 cm, respectively. At 42 dpi, the mean shoot
height produced by G. floridanus isolates was shorter
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Table 5. Comparison of root disease indices (RDIs) and shoot
heights of rice cv. Presidio seedlings at 26 and 42 d post inocu
lation (dpi) with Gaeumannomyces isolates.

Isolates
MZTX34-1
MZTX38-1
MZTX50-1
MZTX73-1
G. arxii
MZTX9-1
MZTX28-1
MZTX40-1
MZTX44-2
MZTX45-1
G. graminicola
MZTX29-1
MZTX35-1
MZTX42-1
MZTX67-1
MZTX70-1
Control
Noninoculated

26 dpi
66.7 aa
46.7 bcd
47.5 bcd
52.5 ab
50.0 bc
37.5 cdef
30.0 efg
35.0 def
27.5 fg
47.5 bcd
42.5 bcde
36.7 cdef
27.5 fg
45.0 bcd
20.0 g

42 dpi
92.5 ab
96.7 a
72.5 cd
90.0 ab
60.0 d
60.0 d
67.5 cd
67.5 cd
60.0 d
77.5 bc
62.5 cd
62.5 cd
66.7 cd
63.3 cd
22.5 e

26 dpi
10.6 d
11.1 d
13.8 abcd
16.6 abc
12.3 cd
10.1 d
16.5 abc
17.8 a
12.8 bcd
11.9 cd
17.1 ab
14.0 abcd
14.0 abcd
12.6 bcd
14.5 abcd

42 dpi
14.0 cde
12.1 e
12.5 de
14.9 bcde
18.6 ab
17.4 abc
13.8 cde
15.3 bcde
14.5 bcde
12.9 cde
13.1 cde
16.9 abcd
14.0 cde
13.7 cde
19.9 a

a

Means followed by the same letter in each column are not significantly
different according to Fisher’s protected least significant difference test at
P = 0.05.

compared with that by the G. arxii. Mean shoot heights
were similar between G. arxii and G. graminicola and
between G. floridanus and G. graminicola (FIG. 4D).
Root lengths were similar among G. floridanus,
G. arxii, and G. graminicola isolates (P ≥ 0.0949).
The multilocus phylogeny reconstruction of
Gaeumannomyces species based on ML and MP meth
ods produced trees (FIG. 5) consisting of three major
clades, which was proposed by Hernández-Restrepo
et al. (2016). Gaeumannomyces isolates collected from
St. Augustinegrass in this study aligned with two of the
three major clades. Within the Oryzinus clade,
G. floridanus and G. graminicola isolates were further
resolved into two subclades supported by bootstrap
values of ≥90% in ML and MP. All G. arxii isolates
formed a subclade of their own in the Tritici clade by
bootstrap values of 73% in ML (FIG. 5).

DISCUSSION
An assessment of 75 Ggg isolates obtained from
St. Augustinegrass in central and east Texas revealed
three major groups based on cultural characterizations of
melanization and colony formation on PDA. These groups
were classified into three different Gaeumannomyces spe
cies (G. floridanus, G. arxii, and G. graminicola) that were
proposed by Hernández-Restrepo et al. (2016). Additional
morphological features, growth rate, pathogenicity, and
a multilocus phylogeny from representative isolates of
three Gaeumannomyces species supported their phenoty
pic differentiation and elucidated the intravarietal com
plexities of Ggg. This information provides a basis for
better understanding the complexity of Gaeumannomyces

Root disease index (%)

Species
G. floridanus

42 dip

A

a

B
b

b

a
b

b

18

14

D

C

16

Shoot length (cm)

Mean RDI (%)

Mean shoot length
(cm)

26 dip
100
90
80
70
60
50
40
30
20
10
0

9

a

a

a

a
b

ab

12
10
8
6
4
2
0

Figure 4. Effects of Gaeumannomyces floridanus, G. arxii, and
G. graminicola on root disease index (RDI) and shoot height of
rice cv. Presidio seedlings. A. RDI at 26 d post inoculation (dpi).
B. RDI at 42 dpi. C. Shoot height at 26 dpi. D. Shoot height at 42
dpi. Means followed by the same letter in each dpi are not
significantly different according to Fisher’s protected least sig
nificant difference test at P = 0.05.

species associated with St. Augustinegrass TARR, which
was previously known to be caused by Ggg. This is valuable
evidence that future diagnostics and management strate
gies for TARR should be updated depending on causal
Gaeumannomyces species.
Morphological characteristics of Gaeumannomyces
isolates from St. Augustinegrass in this study supported
that these isolates belong to Ggg but provided valuable
evidence for polyphyletic nature of Ggg. All tested iso
lates produced lobed hyphopodia and exhibited
a harpophora-like asexual morph. Many of the isolates
also produced flask-shaped perithecia either on PDA or
on culms of rice seedlings, and mean ascospore lengths
were consistent with previous descriptions of Ggg
(Freeman and Ward 2004) and new Gaeumannomyces
species (Hernández-Restrepo et al. 2016). Identification
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65/88

96/98

G. graminicola

89/97

G. fusiformis
69/77

62/89

100/100

90/91
G. floridanus

94/95

Oryzinus clade

92/93

99/100
-/62
100/100
100/100

55/53

G. graminis
G. australiensis

97/92

CPC26044 G. californicus

85/98
98/98

G. tritici

Graminis clade

G. oryzinus

G. avenae
100/- 100/100

51/73/78/84

G. arxii

Tritici clade

G. walkeri
81/89

-/65
95/96
Magnaporthe poae

Figure 5. Phylogenetic reconstruction of Gaeumannomyces isolates from St. Augustinegrass based on the combination of partial ITS,
28S, and rpb1 sequences showing relationships between groups of Gaeumannomyces species. Gaeumannomyces isolates from
St. Augustinegrass were grouped into G. floridanus (solid triangle), G. arxii (open circle), and G. graminicola (solid circle). Bootstrap
support values of maximum likelihood (first number) and maximum parsimony (second number) analyses >50% are labeled above
nodes. Magnaporthe poae (ATCC 64411) was used as the outgroup.

of Gaeumannomyces species based on morphological
features on PDA can be practical and useful for initial
diagnostics for TARR, whereas molecular techniques
provide a more informative approach to their conclusive
identification (Holden and Hornby 1981; Bateman et al.

1992; Bryan et al. 1995). Gaeumannomyces floridanus,
G. arxii, and G. graminicola isolates looked different on
PDA within 2 wk and were further differentiated based
on growth rate. Gaeumannomyces floridanus isolates
showed optimal mycelial growth at 30 C where they
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grew faster than G. arxii and G. graminicola isolates
(TABLE 4). These results might indicate that
G. floridanus can be better adapted to warmer tempera
tures than the other species, which is important consid
ering that the host plant, St. Augustinegrass, is cultivated
in subtropical and tropical regions (Walker 1981; Elliott
1991; Elliott et al. 1993; Wilkinson and Kane 1993;
Wilkinson 1994). However, based on the isolates used
in this study, there was no apparent association between
Gaeumannomyces species and the geographic locations
from which the isolates were obtained.
Rice seedling pathogenicity assays characterized var
iation of aggressiveness in Gaeumannomyces species
isolated from St. Augustinegrass. Ggg is known to have
a wide host range, including turfgrass and rice (Datnoff
et al. 1997). Since St. Augustinegrass is exclusive to
vegetative propagation, the production of disease-free
plant material is difficult (Elliott 1995; Datnoff et al.
1997). Alternatively, rice seedlings provide a clean, effi
cient, and less cumbersome method for evaluations of
Ggg pathogenicity. Disease severity ratings based on root
lesion symptoms indicated that G. floridanus was more
aggressive than G. arxii and G. graminicola. Reduction
of rice shoot heights also indicated that G. floridanus was
more aggressive than G. arxii. Previous reports identi
fied virulent groups in Ggt (Hollins and Scott 1990;
Lebreton et al. 2004). Hollins and Scott (1990) described
two different groups of Ggt, associated with the inability
or ability to infect rye, and subsequent reports supported
that these groups were genetically distinct (O’Dell et al.
1992; Bryan et al. 1995, 1999). Lebreton et al. (2004) also
reported two genetically distinct groups of Ggt, termed
G1 and G2, where the G2 group was significantly more
aggressive than the G1 group. Future pathogenicity stu
dies should expand to encompass different warm-season
turfgrass hosts, particularly St. Augustinegrass and ber
mudagrass, in order to confirm virulence variation of
Gaeumannomyces species associated with TARR.
A multilocus phylogeny reconstruction based on par
tial sequences of ITS, 28S, and rpb1 loci strongly sup
ported the differentiation of Gaeumannomyces species
associated with TARR, which was consistent with mor
phological variation of fungal cultures on PDA. The
isolates tested in this study were clearly separated into
G. floridanus, G. arxii, and G. graminicola. The ML and
MP phylogenic analyses sheds light on the evolutionary
relationships in Gaeumannomyces species associated
with St. Augustinegrass TARR. Gaeumannomyces flori
danus and G. graminicola isolates were more closely
related and grouped together in the Oryzinus clade,
one of four main clades into which Ggg was separated
by Hernández-Restrepo et al. (2016). The close phylo
genetic relationship between G. floridanus and
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G. graminicola isolates was consistent with their simila
rities in melanization, hyphopodium production, mean
phialospore length, and the ability to sexually reproduce
on the culms of rice seedlings. However, G. floridanus
and G. graminicola isolates were still differentiated based
on colony morphology, growth rate, and aggressiveness.
Gaeumannomyces arxii isolates were grouped into the
Tritici clade and more closely related to G. avaenae
(Gga) and G. tritici (Ggt). Gaeumannomyces arxii,
along with G. avaenae (Gga) and G. tritici (Ggt),
appeared to diverge and evolve separately within pre
vious Ggg taxa. The distant phylogenetic relationship of
G. arxii with G. floridanus and G. graminicola was con
sistent with their clear differentiation of melanization,
phialospore length, hyphopodium production, and peri
thecial development observed in this study.
This study reported the complexity of Ggg associated
with St. Augustinegrass TARR and was consistent with
a previous description of the phylogenic relationship of
Ggg with Gga and Ggt (Elliott et al. 1993; Ward and
Akrofi 1994; Fouly et al. 1996, 1997, 2011; Ward and
Bateman 1999; Fouly 2002). Fouly et al. (1997) separated
Ggg into four groups based on length variation of an
amplified portion of 18S rRNA, where one of these
groups produced a similar product size to Gga and
Ggt. A later phylogenetic analysis of the ITS region
also separated Ggg isolates into two groups, one of
which showed a closer relationship to Gga and Ggt
(Fouly 2002). Subsequently, two sets of sequence inser
tions within the 18S rRNA gene were discovered, where
Gga and Ggt isolates were unique to one set and Ggg
isolates were arranged in both sets (Fouly et al. 2011).
Hernández-Restrepo et al. (2016) proposed Ggg into 14
Gaeumannomyces species based on multilocus sequence
data and morphological evidence.
Efficacy of various management practices for TARR
can be improved with better understanding of asso
ciated Gaeumannomyces populations. Chemical con
trol is one of the most practical options for TARR
and other root-decline diseases of warm-season turf
grasses. Penetrant fungicides, such as methyl benzimi
dazole carbamates (MBCs), demethylation inhibitors
(DMIs), and quinone outside inhibitors (QoIs), have
been widely used for turfgrass disease management
since the 1970s, 1980s, and 1990s, respectively
(Martin 2003). The resolution of intravarietal complex
ities of traditional Ggg, therefore, is important for the
future development of pragmatic identification and
molecular diagnostic procedures for TARR in
St. Augustinegrass, which will eventually lead to the
improvement of disease management programs for
TARR. For example, the diagnosis of virulent groups
that are better adapted to high temperatures such as

12

ZIDEK ET AL.: ST. AUGUSTINEGRASS TAKE-ALL ROOT ROT

G. floridanus will be necessary for implementing more
stringent management practices for TARR, compared
with the other benign groups such as G. arxii. Future
studies will continue to resolve the variability of
Gaeumannomyces species and their populations in
St. Augustinegrass and other warm-season turfgrasses.
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