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Greenhouse and laboratory experiments were conducted on common waterhemp and soil collected
from 131 soybean fields in Missouri that contained late-season common waterhemp escapes. The
objectives of these experiments were to determine the effects of soil sterilization on glyphosate-
resistant (GR) and -susceptible (GS) common waterhemp survival, to determine the effects of soil
sterilization and glyphosate treatment on infection of GR and GS common waterhemp biotypes by
Fusarium spp., and to determine the soil microbial abundance and diversity in soils collected from
soybean fields with differences in common waterhemp biotypes and herbicide and crop rotation
histories. Common waterhemp biotypes were treated with 1.7 kg glyphosate ae ha21 or left untreated
once plants reached approximately 15 cm in height. Common waterhemp survival was visually
assessed at 21 d after glyphosate treatment (21 DAT). To determine Fusarium infection frequency, a
single intact common waterhemp root was harvested from each treatment at 0, 3, 7, 14, and 21 DAT
and surface sterilized, and 10 to 15–mm common waterhemp root sections were plated on Komada
culture medium. After 14 d incubation, fungal colonies were selected from colonized roots and
maintained on potato dextrose agar medium amended with antibiotics before identification.
Speciation of Fusarium isolates was conducted through microscopic examination of fungal characters
and confirmed by sequencing and analysis of ribosomal DNA. Soil samples from 131 different
collections were subjected to phospholipid fatty acid (PLFA) analysis and were conducted utilizing
gas chromatography to determine the soil microbial community abundance and structure. Common
waterhemp plants grown in sterile soils had the highest common waterhemp survival, regardless of
biotype. After treatment with glyphosate, survival of GS common waterhemp grown in nonsterile soil
was only 29% 21 DAT, whereas survival of GS common waterhemp grown in nonsterile soil was
only 10%. Similarly, GR common waterhemp survival was reduced from 83 to 61% following
treatment with glyphosate when grown in nonsterile compared to sterile soil. Fusarium spp. were
recovered from only 12% of the assayed roots (223 treatments with Fusarium out of a total 1,920
treatments). The greatest occurrence of Fusarium root infection in both GR and GS common
waterhemp occurred in nonsterile soils following a glyphosate treatment. Few differences in total
PLFA were observed in field soil collected from locations with either GR or GS common waterhemp,
and regardless of herbicide or crop history. This research supports previous findings that plant species
are more sensitive to glyphosate in nonsterile than sterile soils and indicates glyphosate may
predispose plants to soil-borne phytopathogens. This research also suggests that continuous use of
glyphosate does not significantly affect soil microbial abundance or diversity.
Nomenclature: Glyphosate; common waterhemp, Amaranthus rudis Sauer; Fusarium solani;
Fusarium oxysporum; soybean, Glycine max (L.) Merr.
Key words: Soil sterilization, soil microorganisms, soil phytopathogens, phospholipid fatty-acid
analysis (PLFA), glyphosate resistance.

Glyphosate is a nonselective, foliar herbicide that
is the world’s best-selling herbicide; used in over
130 countries and in more than 150 crops (Baylis

2000; Woodburn 2000). In the soil, glyphosate is
subject to several processes, including sorption and
microbial degradation. Sorption to soil colloids and
organic matter immobilizes a large portion of
introduced glyphosate and is controlled by pH, soil
mineralogy, and adsorbed phosphate (Borggaard
and Gimsing 2008; Simonsen et al. 2008). Any
remaining nonsorbed glyphosate may be degraded
by the soil microbial community, which leads to
increased microbial biomass and activity (Haney et al.
2000; Lancaster et al. 2010). In plants, glyphosate is
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leaf-absorbed and translocated to the roots, where it
accumulates and may eventually be released into the
rhizosphere (Coupland and Casely 1979). Glypho-
sate inhibits the enzyme 5-enolpyruvylshikimate 3-
phosphate (EPSP) synthase, a key enzyme in the
shikimate pathway. Inhibition of this enzyme
prevents the plant from synthesizing the aromatic
amino acids phenylalanine, tyrosine, and tryptophan.
These amino acids are used for the synthesis of plant-
growth regulating compounds, cell walls, and
proteins, including those involved in plant defense
(Hammond-Kosack and Jones 2000).

The insertion of the transgene that encodes for
glyphosate resistance in genetically modified crops
has greatly expanded glyphosate usage. An extensive
reliance on glyphosate for weed control in glypho-
sate-resistant (GR) crop production systems has
resulted in a concurrent increase in the number of
GR weeds. Worldwide, there are currently 397
herbicide-resistant biotypes within 217 separate
weed species that are resistant to one or more
herbicides; 24 of which are resistant to glyphosate
(Heap 2013). Within the United States, 14 species
across 30 states contain GR weed species with 12
states specifically documenting glyphosate resistance
in common waterhemp (Heap 2013).

In Missouri, common waterhemp is the most
common species encountered in corn (Zea mays L.)
and soybean production systems (Waggoner and
Bradley 2011). The incidence of glyphosate resis-
tance in common waterhemp is prevalent; 69% of
the common waterhemp populations remaining in
soybean fields at harvest were resistant to glypho-
sate, and these populations occurred across 41
counties in Missouri (Rosenbaum et al. 2012).
Similar results have been reported with GR
common waterhemp populations in Iowa (Owen
2013) and Illinois (Riggins et al. 2012).

Several studies have investigated the effects of
glyphosate applications on soil microbial and phyto-
pathogen populations such as Fusarium in the soil
rhizosphere (Baley et al. 2009; Johal and Huber 2009;
Johal and Rahe 1984; Liphadzi et al. 2005; Means
and Kremer 2007; Sanogo et al. 2000, 2001;
Smiley et al. 1992; Tesfamariam et al. 2009). The
effect of glyphosate on soil microbial populations
was investigated in common bean (Phaseolus
vulgaris L.) (Johal and Rahe 1984; Lévesque et al.
1992, 1993) and in weed species (Close and Kniss
2011; Kawate et al. 1997; Lévesque et al. 1987;
Schafer et al. 2012). Ten times more glyphosate
was needed to kill bean seedlings grown in soil free
of microorganisms compared to seedlings grown in

nonsterile soil (Lévesque et al. 1992). Death of
glyphosate-treated bean plants in nonsterile soil
was at least partially attributed to parasitization by
the fungal root-rot phytopathogens Fusarium and
Pythium in the growth medium (Johal and Rahe
1984). Kawate et al. (1997) determined that
glyphosate-treated henbit (Lamium amplexicale L.)
and downy brome (Bromus tectorum L.) served as a
reservoir for Fusarium and Pythium to proliferate
compared to nontreated plants, but the pathogens
did not readily infect roots of either weed species
and were therefore not virulent. Lévesque et al.
(1987) found similar results with common chick-
weed [Stellaria media (L.) Vill.]. Fusarium infection
increased in chickweed after application with
glyphosate, but common bean and cucumber
(Cucumis sativus L.) sown into the common
chickweed residue were not detrimentally affected
by either the glyphosate application or Fusarium
infection (Lévesque et al. 1987). Schafer et al.
(2012) reported increased glyphosate toxicity in
nonsterile soils on glyphosate-susceptible (GS)
giant ragweed (Ambrosia trifida L.) and GS
common lambsquarters (Chenopodium album L.),
but not on GR horseweed [Conyza canadensis (L.)
Cronq.] or glyphosate-tolerant common lambs-
quarters. Close and Kniss (2011) found that
glyphosate efficacy on Canada thistle [Cirsium
arvense (L.) Scop.] rhizomes was not affected when
tested under field or greenhouse conditions and
regardless of sterile or nonsterile field or green-
house soil. Variation in response to glyphosate by
multiple plant taxa may be associated with
differential uptake, translocation, metabolism of
the herbicide, differences in regulatory controls
with which glyphosate interferes, and variances in
the sensitivity of different plants to fungal root-rot
pathogens, in particular, Fusarium and Pythium
(Johal and Rahe 1984; Tesfamariam et al. 2009).

It is important to note that similar results have
also been observed in response to herbicides other
than glyphosate. An increase in pathogenicity or
colonization has been observed in response to
applications of acifluorfen, imidazolinone herbi-
cides, and chlorimuron-ethyl (Sanogo et al. 2001;
Zhang et al. 2011). When chlorimuron-ethyl was
applied for 5 to 10 yr in a continuously cropped
soybean field, the diversity and evenness of the soil
microbial community decreased while the presence
of Fusarium spp. intensified (Zhang et al. 2011).
Sanogo et al. (2001) also indicated there was an
increase in disease levels in response to applications
of acifluorfen and imazethapyr. Conversely, Souza
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et al. (2013) observed no differences in microbial
biomass with conventional and imidazolinone-
group herbicide applications that could be attribut-
ed to the specific use of imazapyr.

The potential of glyphosate altering the soil
environment after application has been evaluated
in the literature resulting in variable responses.
Zaboloy et al. (2012) evaluated the potential effects
of glyphosate treatment on microbial community
structure and function of soils and found little to
no effect on the microbial community. On the
contrary, Lane et al. (2012) reported that glyphosate
application caused a significant decrease in the total
microbial biomass in soybean rhizosphere soil that
had no previous exposure to glyphosate; however,
no significant changes were observed in the overall
microbial community structure. A variety of other
studies found no differences in CO2 release from
soil, soil enzymes, or PLFA from typical use rates
of glyphosate on the soil microbial community
(Accinelli et al. 2005, 2007; Araujo et al. 2003;
Gomez et al. 2009; Weaver et al. 2007). Bacterial
soil communities were altered in one study
conducted by Ratcliff et al. (2006), but only where
glyphosate was applied at 100 times the field use
rate. Other studies have shown inconsistent results
pertaining to the effects of glyphosate on the soil
microbial community, indicating that additional
research is necessary to determine the functional
consequences of glyphosate on the microbial
diversity of treated soils (Gimsing et al. 2004;
Lupwayi et al. 2007; Powell et al. 2009).

Given the prevalence of GR common waterhemp
across the midwestern United States, more infor-
mation is needed on the effects of glyphosate
application on soil microbial populations, and
whether this effect is correlated to GR development
in common waterhemp. The interactions between
glyphosate, pathogen infection, and soil microor-
ganisms have been studied in a number of crops and
a select number of weed species, but not common
waterhemp. The objectives of this research were to
determine the interactions that occur between
glyphosate application, Fusarium infection of com-
mon waterhemp, and soil microbial abundance and
diversity in soil collections from Missouri. A
greenhouse study was conducted to evaluate if soil
microorganisms influence the efficacy of glyphosate
on common waterhemp biotypes with the use of soil
collected from fields with a previous history of GR
or GS common waterhemp. Laboratory experi-
ments were conducted to identify and determine the
abundance of plant pathogens present on common

waterhemp roots from the initial greenhouse exper-
iment, and also to identify the total soil microbial
biomass differences in 131 Missouri soil collections
with differences in common waterhemp biotype,
crop-rotation history, and herbicide-use history.

Materials and Methods

Soil Treatment Experiment. Soil was collected
from 10 fields throughout Missouri; five sites with
previously confirmed GR common waterhemp
populations, and five sites with GS common
waterhemp populations (Rosenbaum et al. 2012).
The five GR sites were cropped continuously in
soybeans and glyphosate was the only herbicide
applied for a period of three or more years, whereas
the five GS sites had some form of crop and/or
herbicide rotation for a period of three or more
years. Topsoil was randomly sampled from uniform
surfaces within each landscape to a depth of 6 to
10 cm, yielding a final 13 to 23–kg sample. One-
half of the soil from each of the locations was
autoclaved at 120 C for 1 hr to kill all living
microorganisms; the remaining half was left non-
sterilized. ‘Weston 2006’ GR and ‘Bradford 2006’
GS common waterhemp biotypes (Legleiter and
Bradley 2008) were planted (approximately 0.1 to
0.2 g of seed or 300 to 600 seeds) onto separate 19
by 28–cm greenhouse flats containing sterilized
potting soil (General Purpose Potting Media by
Premier Tech Horticulture, Hummert Supplies,
Earth City, MO) that had been autoclaved at 120 C
for 1 hr. Flats were maintained in a greenhouse at
25 to 30 C, watered and fertilized as needed, and
provided with artificial lighting from metal halide
lamps (600 mmol photon m22 s21) to provide a 16-
h-photoperiod day. Once seedlings (, 2-cm in
height) emerged from the sterilized potting soil, 10
common waterhemp plants per biotype were
transplanted into 19 by 28–cm greenhouse flats
containing a 5-cm depth of either sterile or a
nonsterile 3 : 1 mixture of field soil to sterile
vermiculite. Approximately 7 d following the
transplant, the common waterhemp plants reached
10 to 15 cm in height and flats were treated with
glyphosate at 1.7 kg ae ha21, which represents twice
the labeled use rate for common waterhemp control,
or left untreated. Glyphosate applications were
made with a compressed air, laboratory spray chamber
calibrated to deliver 220 L ha21 carrier volume at a
pressure of 234 kPa with the use of a 8001EVS nozzle
(Teejet Technologies, Wheaton, IL). Ammonium
sulfate was added to all treatments at 2.9 kg ha21.
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At 21 d after treatment (DAT), the number of
plants remaining in each greenhouse flat was
counted to determine the percent common water-
hemp survival in response to each herbicide
treatment; plants with green tissue were counted
as survivors and any new growth or obvious
regrowth from the treatment was also considered
survival in the visible evaluations. Soil and
glyphosate treatments were arranged in a com-
pletely randomized design with four replications,
and the experiment was conducted twice.

Fusarium Colonization Experiment. From each
flat in the soil treatment experiment, a single intact
living common waterhemp plant was collected 0, 3,
7, 14, and 21 DAT. Loosely adhering soil on roots
was removed by vigorous shaking. The aboveground
portion of the common waterhemp plant was
severed at the soil line and discarded, and roots
were used in subsequent assays for detecting
Fusarium colonization. Common waterhemp roots
were surface sterilized in a 10% NaOCl solution
(Clorox Regular Bleach, The Clorox Company,
Oakland, CA) for 2 to 3 min, followed by two
consecutive, 1-min rinse intervals with 50 to 100 ml
sterile water. Roots were blotted dry with sterile
paper towels and cut into 2-cm segments. Eight root
segments from each plant were placed onto a single
agar plate containing Komada selective growth
medium (Komada 1975). The samples were
inspected daily up to 28 d after incubation for
mycelium appearance, which usually occurred
within 7 to 14 d. After incubation, putative
Fusarium colonies from root segments were counted
(data not shown). Hyphal tips from putative
Fusarium colonies were transferred aseptically to
potato dextrose agar (PDA +++) amended with
50 mg ml21 each of chloramphenicol (Sigma-
Aldrich, St. Louis, MO), streptomycin sulfate
(Sigma-Aldrich), and tetracycline (Sigma-Aldrich).

Initially, morphology for each species was con-
ducted with the use of the micro- and macroconidia
of each sample and was identified by microscopic
evaluation of Fusarium cultures grown on carnation-
leaf agar (Fisher et al. 1982; Nelson et al. 1983). To
prepare Fusarium colonies for DNA extraction,
hyphal tips were transferred onto a sterilized
cellophane (Amersham Biosciences, Piscataway, NJ)
square overlaid on PDA +++. Mycelia were scraped
from the cellophane and placed into a sterile 1.5 ml
microcentrifuge tube. The tube was centrifuged at
max speed (17,000 rotations per minute) for 5 min
and stored at 280 C until further use.

Fusarium colonies were identified through DNA
extraction, amplification, purification and sequenc-
ing as described by Gardes and Bruns (1993).
Genomic DNA from 408 unknown isolates was
extracted with the use of the EasyDNA Kit
(Invitrogen Corp., Carlsbad, CA). PCR amplifica-
tion of ribosomal (r)DNA regions internal tran-
scribed spacer (ITS) ITS1 5.8S rRNA, and ITS2
was performed on 348 DNA extracts using the
universal primers ITS4 and ITS5. PCR reactions
were 50 ml in volume and consisted of 35.75 ml of
cold DNA H2O, 10 ml PCR buffer (Bioline Inc.,
Taunton, MA), 2 ml DNA template, 1 ml of each
primer, and 0.25 ml of Taq polymerase (Bioline
Inc., Taunton, MA). Thermal cycling conditions
involved an initial denaturation step at 94 C for
1 min followed by 32 cycles of 94 C for 30 s, 55 C
for 1 min, 72 C for 1 min and a final extension step
at 72 C for 2 min. Amplicon presence and size were
confirmed with gel electrophoresis. Amplicons were
purified with a Qiaquick PCR Purification Kit
(Qiagen Inc., Valencia, CA) and sent to the
University of Missouri DNA Sequencing Facility
(Columbia, MO) for cleanup, electrophoresis, and
fluorometric analysis. The consensus sequence for
each isolate was manually aligned from one to two
sequencing reactions with each primer. A basic local
alignment search tool (BLAST) search of GenBank
was performed with each consensus sequence
(Zhang et al. 2000). For each sample, one or two
of the most similar sequences based on maximal
identity percentage were downloaded for compari-
son. All sequences were aligned with the use of the
sequencing alignment tool in BLAST and adjusted
by visual examination. In all cases, the molecular
analysis confirmed the speciation made based on
observed morphological characteristics.

Soil Microbial Abundance and Diversity Exper-
iment. Soil samples were collected in the spring of
2011 from 131 field locations. The locations were
selected based on the presence of GR or GS
common waterhemp and known crop- and herbi-
cide-use history (Rosenbaum et al. 2012). Fields
from soil collections were located within 10
Missouri Major Land Resource Areas, including
Iowa and Missouri Heavy Till Plain, Central
Claypan Areas, Missouri and Iowa Deep Loess
Hills, Central Mississippi Valley Wooded Slopes,
and Cherokee Prairies. These locations represent
major soil groups typically cultivated to corn and
soybean in Missouri (U.S. Department of Agricul-
ture–Natural Resources Conservation Service [NRCS]
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2006). Details of the various soils are presented in
Figure 1. Soils were sampled from the surface to 10-
cm depth at each site. For analysis, each soil sample
was air dried and ground to pass through a 2-mm
sieve. Carbon : nitrogen (C : N) ratios were calculat-
ed by dry combustion of total nitrogen and total
organic carbon (Nelson and Sommers 1996) with a
LECO analyzer (TruSpec CN Analyzer, St. Joseph,
MI).

All soils were freeze-dried in a production grade
freeze drier (Lyph-Lock 12 model, Labconco Corp.,
Kansas City, MO) at 220 C for 24 h. The soil
microbial community was determined in each of the
131 field sites with the use of phospholipid fatty-
acid (PLFA) analysis as described by Bligh and Dyer

(1959) and Peterson and Klug (1994). Gas-
chromatograph peak responses were translated with
the use of internal standards. For example, peaks
corresponding to fatty-acid carbon chain lengths of
12 to 20 are indicative of microorganisms, bacteria
markers correspond to fatty-acid carbon lengths of
12 to 19 carbons, fungal markers correspond to
fatty-acid carbon chain lengths of 16 and 18
carbons, and the ratio of total saturated to total
monounsaturated fatty acids use the ratio of the
sum of 14 to 20 carbons to the sum of 16 to 17
carbon chain lengths (Unger 2009). For further
details regarding markers utilized in this study refer
to Unger et al. (2009, 2013). The PLFA analysis
determines the amount of living microbial biomass

Figure 1. Predominant soil types and location of soils (U.S. Department of Agriculture, Natural Resources Conservation Service
2013) sampled in Missouri for use in the soil microbial abundance and diversity experiment.
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and includes the percentage of total PLFA, bacteria,
and fungi within the living microbial biomass.

Statistical Analysis. Across all three experiments,
data were subjected to analysis of variance with the use
of SAS PROC MIXED (SAS 9.3, SAS Institute Inc.,
Cary, NC) with each treatment combination consid-
ered an environment sampled at random. Fixed
effects for the greenhouse study included soil
collection, soil sterilization treatment, glyphosate
treatment, and common waterhemp biotype; replica-
tion was utilized as the random effect. Data from the
greenhouse study was combined across experiment
timings (experiment was conducted in time twice)
and was specifically evaluated for treatment differ-
ences at 21 DAT. The fixed effects for the laboratory
experiment evaluating Fusarium colonization in-
cluded soil sterilization, glyphosate treatment, and
common waterhemp biotype with replication as the
random effect. To evaluate treatment differences in
the Fusarium colonization experiment, because there
were no differences between experiments, including
root collection timings (P . 0.45; data not shown),
data were combined across experiment timings (ex-
periment was conducted in time twice) and root
collection timings (0, 3, 7, 14, and 21 DAT). The soil
microbial abundance and diversity experiment effects
included site characteristics of common waterhemp
biotype, herbicide-use history, and crop-rotation
history, and were evaluated for treatment differences
within individual site characteristics. Where F values
were significant (P # 0.05), means were separated
with the use of Fisher’s Protected LSD. Transforma-
tions of the data did not improve the model; therefore
nontransformed means are reported.

Results and Discussion

Soil Treatment Experiment. No differences in
common waterhemp survival 21 DAT were observed

between any of the 10 soils evaluated, regardless of
the cropping history and common waterhemp
biotype at the soil collection site. These results are
derived from an orthogonal contrast which provided
a P value for all treatment variables combined into
one contrast to determine treatment differences
specifically between soil locations. Therefore all
common waterhemp survival data were combined
across soil locations (P . 0.45; data not shown).
Additionally, there was no significant effect for the
specific variable of soil collections on common water-
hemp survival regardless of the individual or mul-
tivariable interactions evaluated 21 DAT (P . 0.12;
Table 1). These findings suggest there are no dif-
ferences between soils from locations containing
GR or GS common waterhemp, and that soil
microbial–glyphosate interactions are not influ-
enced by origin of soil. With the exception of soil
collection, treatment differences were observed for
all remaining tested variables, including individual
and multivariable interactions for common water-
hemp biotype, glyphosate application, and soil
sterilization (Table 1).

Treatment differences were evaluated by multi-
variable interactions within soil sterilization, gly-
phosate application, and common waterhemp
biotype (Table 1). Mean common waterhemp
survival 21 DAT for each biotype in response to
soil sterilization and glyphosate treatment is pre-
sented in Table 2. Regardless of the treatment
variable, greater than 95% common waterhemp
survival occurred 21 DAT where no glyphosate was
applied, indicating that soil microbial populations
alone cannot solely explain common waterhemp
death or survival (Table 2). If soil microbes were the
primary cause of plant death, a significant reduction
in common waterhemp survival would also have
occurred in the nonglyphosate treatments. There-
fore, these results suggest that the reduction in
survival of common waterhemp is dependent upon

Table 1. Analysis of variance for survival of glyphosate-resistant and -susceptible common waterhemp biotypes with treatment
differences including soil sterilization, herbicide treatment, soil collection, and common waterhemp biotype, 21 DAT.a

Variables AMATA biotype Glyphosate treatment Soil treatment Soil collection
Soil treatment/

glyphosate

–––––––––––––––––––––––––––––––––––––––––– % survival P valueb –––––––––––––––––––––––––––––––––––––––––
AMATA biotype 0.01 0.01 0.03 0.25 0.13
Glyphosate treatment 0.01 0.01 0.01 0.74 –
Soil treatment 0.03 0.01 0.01 0.17 –
Soil collection 0.25 0.74 0.17 0.77 0.32

a Abbreviations: AMATA 5 common waterhemp; DAT 5 days after treatment.
b Orthogonal contrast of R vs. S soil locations were not different (P . 0.45) and were combined with soil collection; P values

$ 0.05 are not different.
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a combination of both the activity of glyphosate
targeting EPSP synthase and the presence of soil
microorganisms. When combined across all other
factors, 73% of GR common waterhemp survived a
23 rate of glyphosate compared to only 25%
survival in GS common waterhemp (Table 2).
Although complete death is expected in confirmed
GS common waterhemp 21 DAT, a low level of the
GS biotype survived glyphosate treatment. This can
be partially attributed to the dioecious nature of
common waterhemp and high level of variability
within a given population of this species (Bradley
et al. 2009; Chandi et al. 2013; Nordby et al.
2007). This inconsistency in the level of herbicide
activity in common waterhemp has also been noted
in previous research (Foes et al. 1998; Horak and
Peterson 1995).

Greater common waterhemp survival was ob-
served in sterile soil compared with nonsterile soil;
sterilizing soils increased GR and GS common
waterhemp survival by 5 and 10%, respectively
(P # 0.03; Table 1). Overall, the absence of
microorganisms in the soil increased the survival
of common waterhemp following a glyphosate
application by 18% when compared to nonsterile
soil media in the same treatment. Survival of GS
common waterhemp grown in nonsterile soil and
treated with glyphosate was only 13% by 21 DAT,
whereas survival of GS common waterhemp grown
in sterile soil was 38%. Similarly, GR common
waterhemp survival was reduced from 78 to 67%
when grown in nonsterile compared to sterile soil.

A similar response to glyphosate treatment and
soil sterilization has been reported with giant
ragweed, common lambsquarters, and common
bean, suggesting that soil microorganisms play a
role in the efficacy of glyphosate (Johal and Rahe
1984; Lévesque and Rahe 1992; Lévesque et al.
1992, 1993; Schafer et al. 2012). Schafer et al.
(2012) reported an 88% increase in glyphosate
efficacy on giant ragweed when plants were grown
in nonsterile soil. Pythium (soil-borne pathogen)
was isolated from these plant roots, yet no change in
glyphosate efficacy in glyphosate-tolerant common
lambsquarters and GR or GS horseweed biotypes
was observed.

Overall, the plant–microbe interactions within
the rhizosphere are extremely, complex as microbial
communities are dissimilar across plant communi-
ties (Garbeva et al. 2004). Our findings suggest that
plants treated with glyphosate may be more sus-
ceptible to colonization by Fusarium or, alterna-
tively, that plants colonized by Fusarium are more T
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susceptible to glyphosate. One would have to
determine this with the use of multiple sampling
times to determine when Fusarium colonization
occurs in weeds in nonsterile soils and if coloniza-
tion increases soon after glyphosate is exuded from
plant roots following application. Other researchers
have observed that variation in glyphosate efficacy
occurs in some weedy species and that the presence/
absence of root pathogens could be exploited to
increase efficacy (Johal and Rahe 1984; Kawate et al.
1987; Lévesque and Rahe 1992; Lévesque et al.
1987; Schafer et al. 2012).

Fusarium Colonization Experiment. Fusarium
root infection of common waterhemp plants was
evaluated in a total of 1,920 treatments. Across all
1,920 treatments, Fusarium infection was low and
Fusarium species were recovered from only 12% of
the assayed roots (223 treatments). The low incidence
of Fusarium root infection observed in this study may
be attributed to the lower susceptibility of common
waterhemp to Fusarium. Kawate et al. (1997) also
observed low Fusarium colonization on the roots of
downy brome and henbit after glyphosate treatment.
Because of this low level of root infection, the results
were combined across Fusarium species (Table 3).
Within the infected root samples, the most predom-
inant species identified through molecular analysis
included Fusarium solani (the group that includes the
causal agent of sudden death syndrome in soybean; Li
et al. 2008), which comprised 54.9% of the infected
samples, Fusarium oxysporum (likely the causal agent
of vascular wilt; Kistler et al. 1991), which comprised
25.8% of the infected samples, and other miscella-
neous species including Fusarium acuminatum,
Fusarium avenaceum, Fusarium chlamydosporum,
Fusarium culmorum, Fusarium equiseti, Fusarium
proliferatum, Fusarium sporotrichioides, and Fusarium
tricinctum, which comprised 19.3% of the infected
samples (Table 4).

Regardless of common waterhemp biotype, 23%
of roots were infected with Fusarium when grown
in nonsterile soil treated with glyphosate (Table 3).
In a nonsterile soil, Fusarium root infection was
reduced by 11 and 9% for GR and GS common
waterhemp, respectively, in nontreated compared
to glyphosate-treated plants. Fusarium infection of
common waterhemp roots was lower in sterilized
(, 7%) compared to nonsterilized (12 to 25%)
soil for all treatments. Fusarium colonization 21 d
after glyphosate application was greater in non-
sterile soils than in sterile soils, and applying
glyphosate increased colonization compared to no
glyphosate. These results are similar to responses
observed in the literature, suggesting that a greater
level of plant infection occurs in the presence of
glyphosate and soil microorganisms (Johal and
Rahe 1984; Kawate et al. 1997; Lévesque and Rahe
1992; Lévesque et al. 1987, 1992; Schafer et al.
2012). Previous reports suggest that inert ingredi-
ents in glyphosate-formulated products (i.e.,
Roundup herbicide) slightly inhibit soil microbial
activity; however, it is concluded that these effects
are largely overcome by the microbial community
in the presence of glyphosate (Haney et al. 2002).
Furthermore, infection by soil-borne pathogens
such as Fusarium or Pythium suppressed the ability
of glyphosate-treated plants to synthesize plant
defense compounds and may have contributed
to the overall herbicidal efficacy of glyphosate
(Johal and Huber 2009; Schafer et al. 2012). For
example, phenylalanine is a precursor for certain
phytoalexins, which are important plant defense
compounds; therefore the induction of glyphosate
activity toward plant roots could be influenced by
soil microorganisms (Johal and Huber 2009; Liu
et al. 1995).

The results from this study also suggest that
allowing GR common waterhemp to spread and
proliferate could increase Fusarium populations in
future corn and soybean production systems.
However, these data suggest that Fusarium spp. in
decaying plant roots are not obligate phytopatho-
gens, but more likely saprophytic and opportunistic
pathogens. Overall, variation in phytopathogen
infection will most likely be determined by the
interaction of a number of characteristics within an
individual crop field such as soil properties, plant
properties, environmental conditions, competing
organisms, different inoculum levels, initial micro-
bial community, and composition of living plant
root exudates (Garbeva et al. 2004; Lévesque et al.
1987).

Table 3. Influence of soil and glyphosate treatment on the
percentage of glyphosate-resistant and -susceptible common
waterhemp roots infected with Fusarium species.

Soil treatment
Glyphosate
treatment

Common waterhemp biotype

GR GS

––––––– Infection (%)a ––––––
Nonsterile Glyphosate 23 a 25 a

Nontreated 12 b 16 b
Sterile Glyphosate 2 c 5 c

Nontreated 3 c 6 c

a Means followed by the same letter are not different within
individual columns, LSD (0.05).
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Soil Microbial Abundance and Diversity Exper-
iment. No differences were observed for soil
microbial properties including total PLFA, bacteria,
protozoa, and fungi content, or in the bacteria : fungi
ratio among sites characterized by common water-
hemp biotype, glyphosate-use history, and crop-
rotation history for all 131 soils evaluated (Table 5).
In addition, no differences were observed in the
saturated to monounsaturated fatty acid ratio in
response to the glyphosate-use history or crop-
rotation history between any of the 131 soils
evaluated (Table 5). Similarly, few differences in soil
microbial community abundance and structure in
response to glyphosate applications have been
documented within the literature. In one Missouri
study, no shifts were observed in microbial commu-
nity structure in response to increased antibiotics
applied to the soil system (Unger et al. 2013).
Therefore this study suggests that soil microbial
communities are robust and the use of synthetic
organic compounds (xenobiotics) in agriculture,
including herbicides or antibiotics, may not readily
diminish important primary soil functions or
properties. A number of others have revealed no
shifts in the soil microbial community abundance

and structure occurred after the addition of glypho-
sate (Accinelli et al. 2005; Gomez et al. 2009; Weaver
et al. 2007). Accinelli et al. (2005) observed that
incorporated corn residues did not affect or stimulate
glyphosate mineralization in sandy or sandy loam
soils. Gomez et al. (2009) observed increased dehydro-
genase activity and decreased microbial biomass
following the application of glyphosate to the soil.
However, after incubation, the initial inhibitory
effect of the herbicide observed in the Gomez
et al. (2009) study had been diluted, and it was
determined that no harmful effects should be
expected in the short term when glyphosate is
applied at doses equivalent to or higher than those
usually applied in the field. Additionally, no
significant differences between the soil and soybean
rhizosphere microbial communities because of
treatment with glyphosate were observed in a
Mississippi silt loam soil (Weaver et al. 2007).

No differences were observed in soil organic
matter (SOM), C : N ratio, or nitrogen content
among any of the 131 soils evaluated (Table 5).
These results correspond with previous research
suggesting rhizosphere microbial activity, optimum
plant growth, soil microbial ecology, and soil

Table 4. Influence of soil and glyphosate treatment on the Fusarium isolates recovered from common waterhemp roots.

Soil treatment Glyphosate treatment Fusarium species

Isolates recovered

No. of isolates Within treatment All isolatesa

–––––––––% of total isolates –––––––
Nonsterile Glyphosate Fusarium acuminatum 2 1.6 0.9

Fusarium avenaceum 6 4.8 2.6
Fusarium equiseti 3 2.4 1.3
Fusarium oxysporum 30 24.2 12.9
Fusarium solani 78 62.9 33.5
Fusarium tricinctum 5 4.0 2.1

Nonsterile Nontreated F. acuminatum 2 2.9 0.9
F. avenaceum 2 2.9 0.9
Fusarium chlamydosporum 1 1.4 0.4
F. equiseti 2 2.9 0.9
F. oxysporum 23 32.9 9.9
F. solani 34 48.6 14.6
F. tricinctum 6 8.6 2.6

Sterile Glyphosate F. equiseti 6 35.3 2.6
F. oxysporum 3 17.6 1.3
Fusarium poliferatum 1 5.9 0.4
F. solani 7 41.2 3.0

Sterile Nontreated F. acuminatum 1 4.5 0.4
Fusarium culmorum 1 4.5 0.4
F. equiseti 3 13.6 1.3
F. oxysporum 4 18.2 1.7
F. poliferatum 1 4.5 0.4
F. solani 9 40.9 3.9
Fusarium sporotrichioides 2 9.1 0.9
F. tricinctum 1 4.5 0.4

a Data include Fusarium incidence recovered from 12% of the assayed roots (233 treatments). Isolates were not tested for virulence.

Rosenbaum et al.: Glyphosate, Fusarium, and soil microbial content N 79

https://doi.org/10.1614/WS-D-13-00071.1 Published online by Cambridge University Press

https://doi.org/10.1614/WS-D-13-00071.1


quality are not impacted by locations with contin-
uous use of glyphosate, and/or the crop rotation
history of the field (Means et al. 2007). Means et al.
(2007) observed little effect of glyphosate on general
rhizosphere microbial activity measured by enzyme
activity and CO2 respiration in an experiment
conducted under fairly constant SOM and soil N
levels. Therefore, plant–microbe–soil interactions
may not be readily affected by specific microbial
components or functions within the overall micro-
bial community that were assessed in this study
following a history of GR common waterhemp,
glyphosate usage, and/or lack of crop rotation.

Differences were observed between the saturated
to monounsaturated fatty acid ratio. This ratio
indicates that under stress such as soil temperature
increase or soil moisture decrease, the degree of
unsaturated fatty acid decreases and that of
saturated fatty acid increases; thus the ratio will
also increase (Peterson and Klug 1994). The ratio is
a general indicator for the status of bacterial
community in the environment and can provide
input regarding whether some impact by an
environmental factor (glyphosate treatment and/or
glyphosate resistant common waterhemp) is shown
by the microbes (Peterson and Klug 1994). The site
characteristic of common waterhemp biotype re-
sulted in differences in this ratio, but this biomarker
was not different for the other site characteristics

including glyphosate-use history or crop-rotation
history (Table 5). A site with GR common water-
hemp provided a lower saturated to monounsatu-
rated ratio than a site with GS common waterhemp.
These results suggest that the soil microbial
community structure and abundance in locations
where a GR common waterhemp biotype has
evolved may benefit from some growth factor
released in the root exudates that influences the soil
microbial community. In addition, there may be
slight differences between common waterhemp
biotypes in the amount and/or rate of release of
glyphosate from the roots into soil, potentially
affecting microbial growth and activity. However,
further research into these interactions is necessary
to understand the significance of this response
within the soil microbial community.

Overall, the plant rhizosphere relationships with
soil microorganisms are not completely understood
from the standpoint of glyphosate effects on weed–
rhizosphere microbial community interactions. This
research supports previous findings with other plant
species that indicate a greater sensitivity to glypho-
sate when grown in nonsterile relative to sterile soils,
demonstrating that glyphosate may predispose
plants to diseases incited by soil-borne phytopathogens.
Few differences were observed across all site character-
istics for soil microbial abundance and diversity, and
therefore suggest crop- and herbicide-use history and

Table 5. Analysis of microbial PLFA and carbon and nitrogen content of soil collected from 131 Missouri soybean fields previously
characterized with GR or GS common waterhemp and varying site characteristics across common waterhemp biotypes, herbicide-
rotation and crop-rotation histories.a

Microbial PLFAb Carbon and nitrogen contentb

Total PLFA Bacteria Protozoa Fungi
Bacteria:

fungi
Sat:

Monounsat SOM TN C : N

ng g21 oven-
dried soil –––––––––––––––––––––––––––––––––––––––––– % –––––––––––––––––––––––––––––––––––––––––

Waterhemp biotype

Site w/R waterhemp 1971 1696 9.28 111 18.39 2.34 3.5 0.18 11.13
Site w/S waterhemp 1955 1675 9.05 105 19.45 2.63 3.7 0.20 10.64
P value 0.91 0.86 0.89 0.56 0.59 0.03 0.43 0.15 0.17

Glyphosate-use history

Continuous glyphosate 1934 1660 9.79 106 19.88 2.37 3.5 0.19 10.90
Some herbicide rotation 1825 1574 7.56 97 18.33 2.55 3.4 0.18 11.12
P value 0.44 0.48 0.22 0.38 0.53 0.21 0.63 0.39 0.59

Crop-rotation history

Continuous soybean 1967 1689 9.28 107 19.86 2.43 3.4 0.18 10.71
Some corn : soybean 1993 1716 9.54 112 17.36 2.50 3.5 0.18 11.24
P value 0.86 0.84 0.88 0.65 0.23 0.64 0.51 0.97 0.19

a Abbreviations: C 5 carbon; GR 5 glyphosate resistant; GS 5 glyphosate susceptible; Monounsat 5 monounsaturated; PLFA 5
phospholipid fatty acid analysis; R 5 resistant; S 5 susceptible; Sat 5 saturated;; SOM 5 soil organic matter; TN 5 total nitrogen.

b Means followed by P value $thinsp;0.05 are not different.
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common waterhemp biotype do not readily alter
soil microbial communities in the soils evaluated in
our study. Based on the results of this study, future
research is needed to understand when and how
glyphosate influences Fusarium colonization of
common waterhemp.
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Lévesque CA, Rahe JE (1992) Herbicide interaction with fungal
root pathogens, with special reference to glyphosate. Annu Rev
Phytopathol 30:579–602
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