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Sudden death syndrome (SDS), caused by Fusarium virguliforme, is an
important yield limiting disease of soybean. Glyphosate is used to
control weeds in soybean; however, its effect on SDS is not clearly
understood. The objective of this study was to examine the impact of
glyphosate on SDS, yield, and plant nutrition under field conditions.
Fourteen field experiments were conducted in Iowa, Illinois, Indiana,
Michigan, Wisconsin, and Ontario, Canada during 2011 to 2013. The
experiment consisted of six treatment combinations of glyphosate and
herbicides not containing glyphosate. Disease index was significantly
different across the location—years, ranging from O to 65. The highest

disease was noted in locations with irrigation, indicating that high soil
moisture favors development of SDS. There were no effects of herbicide
treatments or interactions on disease. The foliar disease index among the
treatments over all years ranged from 9 to 13. Glyphosate-treatments also
tended to yield more than treatments of herbicides not containing
glyphosate. There were no interactions between glyphosate-treatments
and total manganese in plant tissue. The interaction of glyphosate with
other nutrients in plant tissue was inconclusive. This 14 location—year
study demonstrated that glyphosate application did not increase SDS
severity or adversely affect soybean yield under field conditions.

Sudden death syndrome (SDS) of soybean (Glycine max (L.)
Merr.) is caused by four different soilborne Fusarium spp. (3—
5,47). In North America, Fusarium virguliforme O’Donnell & T.
Aoki (synonym: F. solani (Mart.) Sacc. f. sp. glycines) is the only
species detected that causes SDS (3,35). The disease was first ob-
served in Arkansas in 1971 (47); since then, it has extensively
spread, covering all major soybean-growing areas of the United
States and parts of Canada (2,12,35). SDS has become one of the
major factors limiting yield, especially in environments with high
yield potential, where yield loss may range from nearly 0% to
almost 100%, depending upon stage of the crop at the time when
disease symptom appears and disease severity (35,50,52). The
fungus survives in soil and initially infects soybean roots, causing
root and crown rot, especially under cool, moist spring conditions
(25). The fungus produces mycotoxins that move from roots to
plant shoots, causing foliar symptoms (8,35). Foliar symptoms of
SDS are generally noticed during reproductive stages, between the
R3 and R6 growth stages (21,35,46), although it has been reported
in earlier growth stages in some genotypes (49). Foliar symptoms
begin as interveinal chlorosis and, if weather remains conducive,
they progress to interveinal necrosis and premature defoliation,
leaving petioles intact to the main stem.

Management of the disease should first include planting soybean
cultivars with host plant resistance, although no cultivars are com-
pletely resistant to SDS (8,16,28,29,40,41). Due to the lack of
complete resistance in soybean against F. virguliforme, integrating
other agronomic management options such as cultural practices has
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become critically important in mitigating losses caused by the
disease. Some cultural practices associated with lower levels of
SDS include managing soybean cyst nematode, increased drainage
through use of drainage tiles, strategic tillage, and adjusting plant-
ing date to avoid cool and wet soil conditions that are conducive
for plant infection by F. virguliforme (35,51,57). Another cultural
management strategy may include altering the amount or type of
herbicide used for weed control because some herbicides have
been shown to influence disease incidence (1,54,55). In recent
years, the widely used herbicide glyphosate (N-(phosphonome-
thyl)glycine) has been purportedly associated with higher levels of
disease in soybean (7,27,33,54,55).

Glyphosate-resistant (GR) soybean cultivars are widely planted
primarily because they facilitate in-season glyphosate application
for weed management without causing severe injury to soybean.
The introduction of GR soybean cultivars in the United States and
Canada has led to substantial changes in farming practices. Ac-
cording to the United States Department of Agriculture, GR soy-
bean now accounts for more than 90% of total soybean cultivation
in the United States (58). Along with adoption of GR soybean
lines, application of glyphosate has also increased dramatically
because it has many desirable properties (19). The herbicide has
low toxicity to mammals and is environmentally safe and nonselec-
tive. More importantly, it can be applied “as needed” in the field,
reducing application of preemergence (PRE) or post-emergence
(POST) applications of other herbicides (19). Glyphosate has been
used since 1974 to control weeds in various crops and, except for
evolution of GR weeds, few harmful secondary effects have been
linked to its use (19). However, recent reports have indicated that
glyphosate may have adverse effects and increase severity of dis-
eases in soybean (7,27,33,34,42,54,55). These reports have drawn
considerable attention from plant pathologists, farmers, and the
general public. A recent review published by Johal and Huber (33)
listed 34 diseases that increased due to glyphosate use in many
crops, including soybean. Sanogo et al. (54,55) reported that herbi-
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cide application, including glyphosate, increased severity of SDS
and F. virguliforme colonization in the roots. Although these re-
ports revealed that glyphosate use was correlated with increased
disease development, previous investigations have also indicated
that glyphosate can reduce the severity of certain diseases
(1,22,23,39). Previous studies on wheat showed that glyphosate
reduced stripe rust (caused by Puccinia striiformis f. sp. tritici),
leaf rust (caused by P. triticina Erikss.) (1,22), and common root
rot (caused by Cochliobolus sativus (S. Ito & Kurib.) Drechsler ex
Dastur; anamorph Bipolaris sorokiniana (Sacc.) Shoemaker) on
wheat (23). Research also has demonstrated that glyphosate can
reduce soybean rust (caused by Phakopsora pachyrhizi Syd.) when
applied both before and soon after infection (22).

Glyphosate use also can cause a “yellow flash” symptom 4 to 20
days following glyphosate applications under certain environmen-
tal conditions (19,53). Yellow flash associated with glyphosate
applications has symptomology of leaf chlorosis that can resemble
iron chlorosis or manganese deficiency. It is now known that yel-
low flash is due to glyphosate metabolism to aminomethylphos-
phonate and rarely results in significantly reduced plant growth or
yield loss (19,20,30,53).

Research results both support and refute claims of nutrient defi-
ciencies associated with glyphosate applications, as well as nutri-
ent accumulation in soybean leaves and seed (6,9,18,31,32,37,45).
Dodds et al. (17,18) identified yellow flash and associated manga-
nese deficiency in soil with low manganese soil test results. Gra-
ham et al. (26) found that susceptibility to manganese deficiency is
influenced by soybean genetic variation. Manganese fertilizer ap-
plication is generally not recommended unless deficiencies are
observed (10,31,37).

Glyphosate application programs in commercial soybean fields
depend on several factors such as field history, crop density, weed
type and density, weed height, planting date, environmental condi-
tions, and so on (13,14). Consequently, glyphosate use may vary
from field to field. In order to determine how glyphosate use af-
fects SDS severity and plant nutrition, it is necessary to consider
different rates, number of applications in a season, and application
timing under field conditions. Evidence to prove or disprove the
link of glyphosate usage with crop disease is lacking, particularly
with SDS. Previous reports examining the effect of herbicides on

SDS were based on greenhouse studies or limited field uses, and
did not include multiple rates and multiple applications in a season
(54,55). This multilocation study reports the effect of glyphosate
application (including different doses and timings) on severity of
SDS, grain yield, and plant nutrition. The goal of this study is to
help farmers determine whether to change or adjust their weed
management programs to help manage SDS.

Materials and Methods

The study was conducted in five states in the United States and
the province of Ontario in Canada, representing different geo-
graphical regions, weather, and soil types. In total, 14 field experi-
ments were carried out from 2011 to 2013. The number and loca-
tion of experiment sites were different each year (Table 1). Field
experiments were laid out in a randomized complete block design
with four replicates.

Soybean was planted as soon as conditions were acceptable for
planting at each location, and this ranged from the last week of
April through the first week of June. The crop preceding these
trials was corn at all but one location, and the seedbed was pre-
pared with tillage at most locations whereas some were direct-
seeded without preplant tillage (Table 1).

All cultivars used in this study were glyphosate resistant and
seed received no seed treatments. Cultivars and their SDS ratings
(according to respective companies) are listed in Table 1. The ex-
perimental unit was one research plot. Plot size for each treatment
varied across the locations, ranging from 9.1 m? (plots in Ontario)
to 28.3 m? (plots in Indiana) (data not shown). Each plot had four
rows spaced 38.1 to 76.2 cm apart.

Experiments were established in fields with a history of SDS.
Several of the experiments were also supplemented with inoculum
of F. virguliforme to induce disease, while a few locations relied
solely on natural inoculum (Table 1). Where used, supplemental
inoculum was introduced in each plot by adding F. virguliforme-
infested sorghum or oat grains with soybean seed at planting. Inoc-
ulum was prepared using a single-spore-generated culture of the
fungus following the protocol described by Li et al. (36). Fungal
isolates and rate of inoculum used in the field experiments are
given in Table 1. Most field experiments were conducted with only
natural rainfall, except Illinois and Michigan, which also received

Table 1. Experiment information, cultivars, and field conditions for the 14 experiments carried out in five states of the United States and the province of Ontario,
Canada to study the effect of glyphosate on sudden death of syndrome (SDS) of glyphosate-resistant soybean during 2011 to 2013 soybean-growing seasons'

SDS Leaf
Planting Cultivar SDS rating sampling Previous

Year Location" County date (SDS rating)¥ rating date =~ GS% date* Harvest date InocY Tillage crop Irrig*
2011 Ames, IA Story 4 May AG 2531 (4) 29 August R5, R6 13 July 3 October No Yes Corn No
2012 Ames, IA Story 25 April  AG 2631 (3) 28 August RS 24 July 28 September  Yes Yes Corn No
2013 Ames, IA Story 3 June AG 2431 (6) 12 September ~ R6-R7 9 August 30 September  Yes Yes Corn No
2011 Urbana, IL Champaign 2 June FS Hisoy 28A02 6 September RS, R6 1 July 6 October Yes Yes Corn Yes
2012 Urbana, IL Champaign 24 April  Kruger 2901 21 August R5, R6 - 10 October Yes Yes Soybean Yes
2013  Urbana, IL Champaign 21 May NK 36-B6 30 August RS, R6 14 June 10 October Yes Yes Corn Yes
2011 Lafayette, IN  Tippecanoe 18 May P93M42 (6) 1 September ~ R6 18 June 7 October Yes No Corn No
2013 Lafayette, IN  Tippecanoe 13 May DSR 3216/R2Y (1.8) 13 September R6-R7 16 June 26 September  Yes Yes Corn No
2012  Decatur, MI Van Buren 6 May AG 2107 (4) 21 August R6 - 2 October No Yes Corn Yes
2013 Decatur, M1 Van Buren 1 May AG 3030 (5) 16 August R6 13 June 3 October No Yes Corn Yes
2012 Rodney, ON Elgin 24 May  P31-11RY (5) 9 August R4 - 4 October No Yes Corn No
2013 Rodney, ON Elgin 8 June P31-11RY (5) 8 August R4 19 July 23 October No Yes Corn No
2011  Arlington, WI ~ Columbia 6 May NK S21-N6 (5) NA NA 20 July 5 October Yes No NA No
2013  Arlington, WI  Columbia 8 May AG2431 RR2 (4) 5 September R6-R7 - 2 October Yes Yes Corn No

t NA = not available and — indicates that leaf samples were not taken.

U City and state or province: IA = lowa, IL = Illinois, IN = Indiana, MI = Michigan, ON = Ontario, Canada, and WI = Wisconsin.
V Pioneer (P) cultivars on a 1-to-9 scale, with 1 = susceptible; Asgrow (AG) cultivars on a 1-to-9 scale, with 1 = best; Dairyland seed (DSR) cultivars on a 1-
to-5 scale, with 1 = best; Northrup King (NK) cultivars on a 1-to-9 scale, with 1 = best.

WGS = growth stage.
* Date of leaf sampling for nutrient analysis.

Y In Iowa, inoculated with the Fusarium virguliforme isolate NE 305 at 8.3 g/m of linear row; in Illinois, inoculated with the isolate Mont-1 at infested ground
sorghum at 4.1 cm3/m of linear row; in Indiana, inoculated with a mixture of three isolates collected in Indian (NRRL 22823, 00-11-183, and INS12-10-3-1) at
4.2 g/m of linear row; and in Wisconsin, inoculated with a mix of three F. virguliforme isolates (unknown designations) at 3.3 g/m of linear row.

% Irrigation set up in Illinois was drip irrigation set up within 20 days after planting, and ran for approximately 75 consecutive days with approximately 1.3
cm of water delivered each day; irrigation in Michigan was done by using a center-pivot irrigation unit established in field. Irrigation was started after
planting and run once a week depending on weather. Approximately 1.3 cm of water was delivered in each time.
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supplemental water through irrigation (Table 1). Monthly rainfall
amounts for each location—year were obtained either from the
weather stations installed in the field or from public weather ser-
vice websites (http://www.nws.noaa.gov/climate/ or http://mesonet.
agron.iastate.edu/request/coop/obs-fe.phtml). Soil temperature at
planting was recorded at the depth of 5 to 10 cm in the same or an
adjacent field (Table 2).

Six herbicide treatments were compared in this study. Treat-
ments included different combinations of glyphosate use rates,
application timings, and number of applications along with nong-
lyphosate herbicides as controls (Table 3). Glyphosate is an EPSP
synthase inhibitor (group G according to the Herbicide Resistance
Action Committee (HRAC; www.hracglobal.com/Education/Clas
sificationofHerbicideSiteof Action.aspx). One glyphosate-contain-
ing herbicide was used in the experiments: Roundup PowerMAX
(Monsanto Company, St. Louis, MO). Flexstar (Syngenta Crop
Protection, Inc., Greensboro, NC) contains fomesafen, which is a
protoprophyrinogen oxidase (PPO) inhibitor (group E). Four other
nonglyphosate herbicides were also used, including an acetyl-CoA
carboxylase (ACCase) inhibitor (group A), Select Max (clethodim;
Valent U.S.A. Corporation, Walnut Creek, CA); a PPO inhibitor,
Valor XLT (flumioxazin; Valent U.S.A. Corporation); and two
acetolactate synthase (ALS) inhibitors (group B), Pursuit (ima-
zethapyr; BASF Corporation, Florham Park, NJ), and FirstRate
(cloransulam-methyl; Dow AgroSciences LLC, Indianapolis, IN).
PPO inhibitors and ALS inhibitors have been associated with in-
creased root rot severity on soybean (27). Herbicides were applied
using different sprayers and nozzles. In Iowa, they were applied in
2011 and 2012 with a CO,-pressurized backpack sprayer at 241
kPa. The sprayer was equipped with four flat fan nozzles spaced 51
cm apart and calibrated to apply 187 liters/ha. In 2013, they were

sprayed with a self-propelled small research plot sprayer consisting
of seven flat fan nozzles spaced 51 cm apart and sprayed at the
pressure of 241 kPa. In Illinois, they were applied using a hand
boom sprayer with AI 11002 standard flat spray nozzles (Teelet
Spraying Systems Co., Wheaton, IL), spaced 48 cm apart at spray
pressure 276 kPa. In Indiana, they were applied with a CO,-pres-
surized backpack sprayer and a hand-held boom fitted with four
TJ-8002VS nozzles spaced 48 cm apart, which delivered 140 li-
ters/ha at 207 kPa. In Michigan, they were applied in 2012 with a
hand-held spray boom pressurized with CO, at 276 kPa. The spray
boom consisted of four nozzles (Teejet AIXR-11002) spaced 51
cm apart and was calibrated to apply 140 liters/ha. In 2013, the
boom consisted of six nozzles (Teejet 11001VS) spaced 51 cm
apart and was calibrated to apply 140 liters/ha. In Ontario, the
treatments were applied with a CO,-pressurized backpack sprayer
at 241 kPa with AI 11002 flat fan jet nozzles. In Wisconsin, herbi-
cide treatments were applied with a CO,-pressurized hand boom
with eight XR11002 nozzles (TeelJet Spraying Systems Co.) spaced
38 cm apart, calibrated to deliver 140 liters/ha. When weed pres-
sure was high, the grass herbicide Authority Assist at 0.11 kg
a.i./ha was applied in the entire field (all plots) to reduce the pres-
sure of grassy weeds in Illinois. In Indiana, Select was applied at
0.11 kg a.i./ha in the entire field in 2013 to control the grass weeds.
In 2011, no herbicide was applied but weeds were manually re-
moved. In Iowa, Michigan, Ontario, and Wisconsin, infestations of
grass weeds did not require broadcast grass herbicides; however,
supplemental hand weeding was done as needed.

Foliar severity was recorded using a previously reported disease
rating scale (24,44) during reproductive stages RS through R7 (21),
depending on the onset of SDS foliar symptoms. Disease incidence
was estimated as the percentage of symptomatic plants in the plot

Table 2. Soil temperature at planting and monthly precipitation recorded during the soybean growing seasons at the experiment-sites in the five states of the

United States and Canada from 2011 to 2013%

Monthly precipitation (cm)*

30-year average monthly precipitation (cm)

Year  State¥ City County Tm? May June July August Sept Oct Total May June July August Sept Oct
2011 1A  Ames Story 94 119 109 0.3 8.6 6.9 00 389 122 127 122 122 8.1 6.6
2012 TA  Ames Story 144 6.4 8.4 5.8 33 5.3 6.1 348 124 127 119 119 8.1 6.6
2013 1A Ames Story 17.8 229 9.4 2.3 3.8 3.6 74 488 13.0 127 117 117 8.1 6.6
2011 IL  Urbana Champaign 21.8 122 10.7 4.0 4.5 7.1 6.7 452 124 11.0 119 10.0 8.0 8.3
2012 IL  Urbana Champaign 14.4 9.0 4.6 1.4 142 142 137 571 124 110 119 10.0 8.0 8.3
2013 IL  Urbana Champaign 245 11.8 135 8.8 1.2 1.3 106 472 124 110 119 100 8.0 8.3
2011 IN  Lafayette Tippecanoe 13.9 10.2 9.6 4.7 2.6 8.4 00 355 113 11.6 104 10.0 7.1 6.9
2013 IN  Lafayette Tippecanoe 11.7 2.6 5.7 5.0 4.1 14 NA 188 113 11.6 104 100 7.1 6.9
2012 MI  Decatur Van Buren NA NA NA 11.6 10.5 6.7 NA NA NA NA NA NA NA NA
2013 MI  Decatur Van Buren NA NA 10.3 8.7 10.0 2.6 NA NA NA NA NA NA NA NA
2012 ON  Rodney Elgin NA 6.7 82 169 6.7 82 120 587 8.3 7.3 7.9 8.5 8.8 6.8
2013 ON  Rodney Elgin NA 82 109 6.2 7.7 69 122 521 8.3 7.3 7.8 8.4 8.8 7.0
2011 WI  Arlington Columbia 13.3 6.2 9.0 5.4 38 100 40 384 105 124 108 109 9.0 6.6
2013 WI  Arlington Columbia 128 158 189 6.9 4.2 7.3 50 581 105 124 108 109 9.0 6.6

“WNA = Not available.
X Precipitation including irrigation.

Y IA = Iowa, IL = Illinois, IN = Indiana, MI = Michigan, and ON = Ontario in Canada, and WI = Wisconsin.
% Soil temperature (°C) at planting was recorded at a depth of 10 cm in Iowa, Illinois, and Indiana and 5 cm in Wisconsin.

Table 3. Treatment list for field experiments examining effect of herbicide treatments on sudden death syndrome of glyphosate-resistant soybean in Iowa,
Illinois, Indiana, Michigan, Wisconsin, and Ontario Canada during the years 2011, 2012, and 2013

Herbicide* Application timing¥ Rate (active ingredient or active equivalent in kg/ha)*
Roundup PowerMAX V3/v4 3.25

Roundup PowerMAX Planting, then V3/V4 1.63 then 0.79

Roundup PowerMAX V3/V4, then 3 weeks later 1.63 then 0.79

Preemergence, then Roundup PowerMAX
Preemergence, then Flexstar + Select MAX + COC
Preemergence, then Pursuit + AMS

Preemergence, then V3/V4
Preemergence, then V3/V4
Preemergence, then V3/V4

By state, then 1.73
By state, then 0.34 + 0.63
By state, then 0.07

* Active ingredients in Roundup PowerMax, Valor XLT, Pursuit, Select, and Firstrate are glyphosate, flumioxazin, imazethapyr, clethodium, and cloransulam
methyl, respectively. Herbicide Flexstar has both glyphosate and fomesafen and Pursuit Plus has both pendamethalin and imazethapr. COC = crop oil
concentrate applied at 1% (vol/vol) and AMS = ammonium sulfate applied at 1.25% (vol/vol).

¥ Growth stages of soybean: V3 = third trifoliate and V4 = fourth trifoliate.

z Preemergence rate varied by state: preemergence application in Illinois was Valor XLT (0.11 kg a.i./ha), in Indiana was Valor XLT (0.11 kg a.i./ha), in Iowa
was Pursuit Plus (1.01 kg a.i./ha), and in Wisconsin was Valor (0.08 kg a.i./ha) + FirstRate (0.03 kg a.i./ha).
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(FDI) and severity (FDS) was assessed using a 1-to-9 scale as fol-
lows: 1 =1 to 10% of leaf surface chlorotic, or 1 to 5% necrotic; 2
= 10 to 20% of leaf surface chlorotic, or 6 to 10% necrotic; 3 = 20
to 40% of leaf surface chlorotic, or 11 to 20% necrotic; 4 = 40 to
60% of leaf surface chlorotic, or 21 to 40% necrotic; 5 = greater
than 60% of leaf surface chlorotic, or greater than 40% necrotic; 6
= premature leaf drop up to one-third defoliation; 7 = premature
leaf drop up to two-thirds defoliation; 8 = premature leaf drop
greater than two-thirds defoliation; and 9 = premature death. For
each disease measure, a foliar disease index (FDX) was calculated
using the formula FDX = FDI x FDS/9 (44).

Twenty of the youngest fully expanded trifoliate leaves with
petioles were randomly collected from each plot at 10 location—
years after the last POST herbicide application to determine the
nutrient content in plant tissue. Tissue samples were dried, ground
following the protocol described by Henry et al. (31), and sent to
various laboratories for nutrient analysis. lowa and Illinois samples
were analyzed at the Iowa State University Soil and Plant Analysis
Laboratory in Ames; Indiana and Michigan samples at the A&L

Table 4. Mean foliar disease index (FDX) of sudden death syndrome (SDS)
and soybean yield in 14 field experiments conducted in five states in the
United States and one province in Canada during the years 2011, 2012, and
2013

MeanY
Year, location FDX* Yield (kg/ha)
2011
Towa 0.0e 3,016 ef
Illinois 3.9de 4,203 ab
Indiana 0.0e 2,649 f
Wisconsin 00e 4,026 bc
2012
Towa 00e 3,665 cd
Tllinois 6.6 cd 4,010 be
Michigan 64.8 a 865 h
Ontario, Canada 4.0 de 3,289 de
2013
Towa 22.7b 2,065 g
Illinois 20.6 b 3,206 de
Indiana 0.0d 3,854 bc
Michigan 15.4 bc 3,095 ef
Ontario, Canada 2.1de 3,068 ef
Wisconsin 93cd 4,612 a
P>F <0.01 <0.01

Y Means were compared using Fisher’s least significant difference. Means
within a column followed by the same letter do not differ significantly at
P=0.05.

2 FDX of SDS was calculated using the formula FDX = FDI x FDS/9.
Disease incidence (FDI) was estimated as percentage of symptomatic
plants per plot, and foliar SDS severity (FDS) was scored on a 1-to-9
scale based on percentage of chlorotic and necrotic leaf area, and
defoliation.

Great Lakes Laboratories in Fort Wayne, IN; Ontario samples at
the A& L Canada Laboratories Inc. in London, ON; and Wisconsin
samples at the University of Wisconsin Soil and Plant Analysis Lab
in Madison.

Leaf tissues were analyzed for manganese (Mn), phosphorous
(P), potassium (K), sulfur (S), and zinc (Zn) content in all 10 loca-
tion—years where leaf samples were collected; and, in addition,
iron (Fe) was analyzed in Indiana and Wisconsin in 2011 and Indi-
ana, Michigan, and Ontario in 2013.

The center two rows of each plot were mechanically harvested
after soybean plants reached physiological maturity, which fell
between the last week of September and the first week of October.
Grain yield and moisture were recorded, and grain yield was nor-
malized at 13% moisture.

Analysis of variance (ANOVA) was performed using the statisti-
cal procedure PROC MIXED in SAS 9.3 (SAS Institute Inc., Cary,
NC). Data from experiments were analyzed in two ways: (i) pooled
across locations and (ii) separately. Combined ANOVA was per-
formed by pooling data together from all experiments. Individual
years and each of the 14 environments were also analyzed inde-
pendently to get additional information on the effect of herbicide.
Herbicide treatment and location were used as fixed effects and
replication within location was used as a random effect for com-
bined analysis. The replication within location was used as an error
term to test the effect of location as well. For separate analysis of
each experiment, herbicide treatment was used as a fixed effect and
replication was used as a random effect. Means were compared
using Fisher’s least significant difference at P = 0.05. In addition to
the ANOVA, orthogonal contrasts were also used to compare the
performance between the groups of treatments (glyphosate and
nonglyphosate as well as the PRE and POST glyphosate applica-
tions). Field experiments in some of the locations had zero or low
disease pressure. Orthogonal contrast was performed by pooling
data together only from the locations where FDX was 5 or more.
Specifically, data were pooled from six locations (i.e., Illinois, and
Michigan in 2012 and Iowa, Illinois, Michigan, and Wisconsin in
2013) for orthogonal contrast. Pearson correlation coefficients
were estimated using the PROC CORR in SAS 9.3 to determine
the association of SDS with yield.

Results

Glyphosate and SDS. ANOVA combined over location—years
revealed that the disease severity was significantly different across
the 14 location—years (P < 0.01). The FDX ranged between 0 (no
disease) and 65 (Table 4). The highest disease score was observed
in Michigan during 2012, while 8 of 14 experiments had zero or <5
FDX (Table 4). Irrigated field experiments in Michigan and Illinois
also recorded the highest FDX. In addition to difference in soil
moisture across the location—years, most of the experiments were
tilled before planting while some were planted into no-till fields
(Table 1); however, there was no apparent effect associated with

Table 5. Mean foliar disease index (FDX) in six different herbicide treatment combinations applied to examine the effect of glyphosate on sudden death
syndrome (SDS) of glyphosate-resistant soybean in field experiments carried out in five states in the United States and one province in Canada during the

years 2011, 2012, and 2013

FDXY
2011 2012 2013
Treatment” 1A IL IN WI 1A IL MI ON 1A IL IN MI ON WI Mean
Roundup at V3 0.0 2.9 0.0 0.0 0.0 89 694 3.6 335 231 0.0 19.6 1.3 131 12.5
Roundup at planting then V3 0.0 39 0.0 0.0 0.0 75 625 36 197 226 00 135 2.8 94 104
Roundup at V3 then 3 weeks later 0.0 6.2 0.0 0.0 0.0 32 694 31 17.0 19.0 00 11.1 19 164 105
PRE then Roundup at V3 0.0 2.5 0.0 0.0 0.0 36 55.6 56 294 219 00 123 2.2 4.9 9.9
PRE then Flexstar + Selectat V3 0.0 2.7 0.0 0.0 0.0 49 68.1 39 139 190 00 13.6 0.7 1.5 9.2
PRE then Pursuit at V3 0.0 4.8 0.0 0.0 00 114 639 44 225 183 0.0 225 36 103 115
P>F 077 0.82 NT NT NT 026 053 09 044 055 NT 046 033 050 0.12

Y FDX of SDS was calculated using the formula FDX = FDI x FDS/9. Disease incidence (FDI) was estimated as percentage of symptomatic plants per plot
and foliar SDS severity (FDS) was scored on a 1-to-9 scale based on percentage of the necrotic leaf area. IA = Iowa, IL = Illinois, IN = Indiana, WI =

Wisconsin, MI = Michigan, and ON = Ontario, Canada. NT = not tested.

2 PRE = before soybean emergence, V3 = third trifoliate stage of soybean. Details of each treatment explained in Table 3.
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tillage in this study. Analysis demonstrated that herbicide treat-
ments and herbicide—experiment interactions did not significantly
affect disease severity (Table 5). Among the six treatments,
averaged over all locations, FDX ranged from 9 to 13 (Table 5).
Plots that received only a single POST glyphosate treatment had an
FDX = 13, which was not statistically different from other treat-
ments (Table 5).

In 2011, low disease levels were observed in all field experi-
ments (Table 4). Data analysis combined over locations in 2011
indicated that location did not have a significant effect on FDX (P
= 0.15), probably due to low disease levels. Of these four experi-
mental locations, Indiana and Wisconsin observed no foliar disease
symptoms, and other locations also had extremely low levels of
disease (<5 FDX; Table 4). Individual analysis for each environ-
ment showed that herbicide treatments did not have any effect on
disease severity in any of the field experiments in 2011 (Table 5).

Data analysis combining four field experiments conducted in
2012 exhibited variable disease indices across locations (P <
0.001). The average FDX for 2012 was 0 to 65 (Table 4). FDX was
highest in the Michigan experiment (FDX = 65) compared with
other locations in 2012 (Table 4). No visible symptoms were
evident in Iowa (Table 4). Field experiments in Ontario and Illinois
also had low levels of SDS (4 and 7 FDX, respectively). Herbicide
(P = 0.53) and the herbicide—location interaction (P = 0.50) were
not statistically significant in 2012. Individual analysis for each
location in 2012 showed that none of the experiments had signifi-
cant herbicide effect (Table 5).

In 2013, combined ANOVA for FDX showed that disease index
was different (P < 0.01) across the six field experiments. Mean
FDX ranged from O to 23. The highest disease was observed in
Iowa (FDX = 23), followed by Illinois (FDX = 21). No visible
foliar symptoms were observed in Indiana. FDX was 15, 2, and 9
in Michigan, Ontario, and Wisconsin, respectively. No statistically
significant effects on FDX as a result of herbicide treatment (P =

0.15) or herbicide—location interactions (P = 0.68) were observed.
Individual analysis also showed that herbicide treatments were not
statistically different in any of the field experiments (Table 5).

ANOVA was performed in two ways: pooled across locations as
well as separate for each location. All analyses indicated that FDX
was not different across herbicide treatments (Table 5). In addition
to the ANOVA, orthogonal contrasts to compare the performance
between the groups of treatments (glyphosate and nonglyphosate
as well as the PRE and POST glyphosate applications) also showed
SDS severity did not differ between treatments that received
glyphosate and those that did not (Table 6). Similarly, SDS severity
was not different between treatments of only POST glyphosate
applications and treatments with both PRE and POST applications
(Table 6). Herbicide treatments and herbicide-experiment interac-
tions did not have an effect on disease severity (Table 5).

Glyphosate and yield. Soybean grain yield was different among
the 14 location—years (P < 0.01). Pooled analysis showed a sig-
nificant treatment—location interaction (P < 0.01); therefore, yield
response for treatments was also analyzed separately for each
location. Significant effects on yield due to herbicide treatments
were observed only in some location—years (Table 7). In all, 3 of
the 14 locations (Wisconsin during 2011 and Iowa and Ontario
during 2013) had soybean yield affected by herbicide treatment, and
yield was higher in glyphosate-applied plots compared with other
herbicide-treated plots (P < 0.05; Table 7). Among the six treatments
evaluated, treatments of glyphosate application at planting and then 3
weeks later resulted in the highest yield in Wisconsin during 2011
(4,257 kg/ha). Treatments of a double rate (3.25 kg/ha) of glyphosate
application at V3 and glyphosate application at V3 and 3 weeks later
produced the highest yield in Ontario (3,257 kg/ha) and Iowa (2,630
kg/ha), respectively, during 2013.

Correlation analysis revealed that yield had a negative correla-
tion with FDX (P < 0.01, r = —0.67). Fields with high FDX had
lower grain yield and vice versa. For instance, the experiments

Table 6. Orthogonal contrast among treatment groups applied to glyphosate-resistant soybean in field experiments carried out in five states (Iowa, Illinois,
Indiana, Michigan, and Wisconsin) in the United States and one province in Canada (Ontario) during 2012 and 2013 growing seasons*

P>F

Year, parameters FDXY Yield
2012

Glyphosate versus nonglyphosate 0.47 0.94

Glyphosate PRE+POST versus POST only* 0.99 0.62
2013

Glyphosate versus nonglyphosate 0.25 <0.01

Glyphosate PRE+POST versus POST only 0.50 0.55

* Contrasts were performed by pooling field experiments having 25% foliar disease index (FDX) only; none of the experiments had 25 FDX in 2011.
Y Foliar disease index (FDI) of sudden death syndrome (SDS) was calculated using the formula FDX = FDI x FDS/9. Disease incidence (FDI) was estimated
as percentage of symptomatic plants per plot and foliar SDS severity (FDS) was scored on a 1-to-9 scale based on percentage of the chlorotic and necrotic

leaf area and defoliation.

%z Contrast was performed within the four glyphosate treatments between glyphosate pre- and postemergence versus plots which had postemergence only.

Table 7. Mean soybean yield for different herbicide treatments applied to examine the effect of glyphosate on sudden death syndrome of glyphosate-resistant
soybean in a field study carried out in five states of the United States and one province in Canada during the years 2011, 2012, and 2013

Yield (kg/ha)Y
2011 2012 2013

Treatment* 1A IL IN WI 1A IL MI ON 1A IL IN MI ON WI  Mean
Roundup at V3 2,935 4,183 2,485 4,009ab 3,456 4,171 929 3,176 2,165ab 3,265 3,959 3,000 3,257a 4510 3,249
Roundup at planting then V3 2,909 4,144 2,530 4,257a 3,722 4,252 729 3545 2,603 a 3,191 3,848 3,060 3,242a 4,700 3,338
Roundup at V3 then

3 weeks later 2,987 4,075 2,632 3,866b 3,627 3,845 690 3277 2,632a 3,223 3,967 3300 3227a 4,720 3,291
PRE then Roundup at V3 3,063 4,132 2,856 4,062 a 3,423 3,613 1,254 3,090 1913ab 3,241 3,778 3,390 2,992ab 4,590 3,243
PRE then Flexstar +

Select at V3 3,220 4,212 2,597 4,111a 3,790 3,976 761 3,385 1,322b 3,146 3,856 3,040 2,816b 4,550 3,198
PRE then Pursuit at V3 2,984 4470 2,804 3,.851b 3,971 4,205 830 3,261 1,754 b 3,172 3414 2,780 2,871b 4,610 3,234
P>F 0.77 0.23 0.45 0.03 0.55 0.16 0.28 0.29 0.02 0.94 0.43 0.13 0.03 0.86 0.24

¥ Means were compared using Fisher’s least significant difference. Means within a column followed by the same letter do not differ significantly at P = 0.05.
IA =Towa, IL =Illinois, IN = Indiana, WI = Wisconsin, MI = Michigan, and ON = Ontario, Canada.
2 PRE = before soybean emergence, V3 = third trifoliate stage of soybean. Details of each treatment explained in Table 3.
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with the highest SDS index (FDX = 65) had the lowest yield (865
kg ha™') among experiments (Table 4).

Glyphosate and nutrient accumulation in plant tissue. Tissue
sample analysis combined over location—years showed that loca-
tion—years were highly significant (P < 0.01) for P, K, Mn, Zn, and
S. However, the treatment and treatment—location—year interaction
were not significant. Despite literature emphasizing glyphosate-
manganese interactions (19,29), this set of experiments did not
show treatment effects at any location—year (Table 8). Tissue sam-
ple analysis did show significant treatment differences for 7 of 55
nutrient-location—year combinations (Table 9). Results varied
across location—year and did not show a clear trend among treat-
ment effects. For instance, treatments receiving PRE applications
of nonglyphosate herbicides had significantly lower P content than
treatments containing glyphosate in both Michigan and Ontario in
2013. However, in Indiana in 2011 and Iowa in 2013, treatments
that did not include glyphosate resulted in significantly higher P
content in tissue samples (Table 9).

Discussion

This study revealed that SDS FDX in soybean was not influ-
enced by different herbicide treatments or location-herbicide inter-
actions across diverse locations and environments. Glyphosate
treatments did not result in higher foliar SDS levels compared with
treatments without glyphosate. This result substantiates the study
by Njiti et al. (43), which showed no effect of glyphosate on SDS
development. Similar to this result, previous investigations on char-
coal rot (caused by Macrophomina phaseolina (Tassi) Goid. and
Rhizoctonia root rot (caused by Rhizoctonia solani Kiihn) also
concluded that glyphosate application had no significant associ-
ation with disease severity (11,60). The findings of this study do
not agree with the studies (1,33,42,54,55) which reported that SDS
severity was affected by glyphosate application. Higher levels of

SDS severity in the inoculated plants after herbicide application
was reported previously by Sanogo et al. (54,55); however, the
reaction was not restricted only to glyphosate herbicide and the GR
trait. Previous reports were inconclusive about the effect of
glyphosate on soybean diseases (7,39,54). Sanogo et al. (54)
reported that glyphosate reduced fungal growth and sporulation in
culture but, surprisingly, increased SDS severity compared with no
herbicide control in greenhouse and growth chamber observations.
Inconsistent effects of glyphosate in field and greenhouse studies
have also been reported for Rhizoctonia root rot of soybean (7).
The inconsistencies between laboratory versus greenhouse or con-
trolled environment versus field conditions might be related to
different concentrations of inoculum and herbicides or different
evaluation stages in the two environments. In addition, the effect of
glyphosate may be minimal; although noticed under controlled
conditions, it might not have been observed in this study because
of the interaction with environmental, cultivar, and soil factors.

Our results also showed that SDS severity varied across loca-
tions and years. The difference in disease severity across different
locations might be from differences in weather, soybean cultivars,
and soil factors. FDX was very low or not evident in some field
experiments that presumably had environments not conducive for
plant infection by F. virguliforme. The highest FDX was recorded
in Michigan, where experimental plots were irrigated in both years.
This result indicates that high soil moisture favors SDS develop-
ment, which was in support to the previous reports (15,35,38,
43,48,56).

Our results confirm that both SDS and herbicide treatment af-
fected yield. Yield was negatively associated with increasing sever-
ity of SDS, which is in agreement with previous reports (44,52,59).
In the present study, yield was always higher in treatments where
glyphosate was applied, compared with nonglyphosate controls in
locations, where treatment effect was significant. The yield differ-

Table 8. Tissue analysis for manganese accumulation in leaf samples collected from field experiments carried out in five states in the United States and one

province in Canada during 2011 to 2013 growing seasons

Manganese content (ug/g)¥

2011 2012 2013
Treatment” IA IL IN WI IA 1A IL IN MI ON
Roundup at V3 56.5 52.8 63.0 48.8 36.8 27.0 50.5 62.5 87.2 25.8
Roundup at Planting then V3 56.5 51.0 67.0 45.5 36.0 29.0 48.3 63.3 81.9 28.3
Roundup at V3 then 3 weeks later 58.0 523 71.5 49.1 38.0 29.0 42.0 63.8 85.2 26.8
PRE then Roundup at V3 56.5 473 66.0 48.1 353 31.0 49.8 64.8 86.4 23.0
PRE then Flexstar + Select at V3 59.3 51.0 69.0 46.3 36.5 31.0 49.8 66.8 90.3 22.8
PRE then Pursuit at V3 533 50.0 68.0 449 34.8 31.0 58.5 62.8 84.4 22.8
P>F 0.41 0.27 0.83 0.72 0.88 0.47 0.63 0.89 0.43 0.36
Y IA = Iowa, IL = Illinois, IN = Indiana, WI = Wisconsin, MI = Michigan, and ON = Ontario, Canada.
“ PRE = before soybean emergence, V3 = third trifoliate stage of soybean. Details of each treatment explained in Table 3.
Table 9. Tissue analysis results for locations and nutrients with significant effect of herbicide treatments over 55 nutrient—location—years
Mean nutrient content in leaf tissue (ng/g)¥
2011 2013
IN WI IA MI Ml ON ON
Treatment” P Fe ) Fe P ) Zn
Roundup at V3 5,100.0 a 76.9b 1,791.0 b 144.6 b 4,4250a 4,350.0 ab 52.5 ab
Roundup at Planting then V3 4,900.0 a 86.1 ab 1,960.0 ab 145.7b 4,077.5 ab 4,650.0 a 570a
Roundup at V3 then 3 weeks later 4,300.0 b 114.7 ab 1,835.0 b 138.7b 4,172.5 ab 4,725.0a 56.5a
PRE then Roundup at V3 5,100.0 a 85.0 ab 1,885.0b 184.8 a 3,792.5 be 4,125.0c¢ 458 b
PRE then Flexstar + Select at V3 4,950.0 a 130.5a 2,165.0a 164.1 ab 3,792.5 be 3,700.0 ¢ 43.8b
PRE then Pursuit at V3 4,750.0 a 85.4 ab 2,136.0a 188.2a 3,730.0 ¢ 3,700.0 ¢ 463 b
P>F 0.04 0.03 0.02 <0.01 0.01 <0.01 0.02

Y Leaf tissues were analyzed for phosphorous (P), potassium (K), manganese (Mn), zinc (Zn), and sulfur (S) content in all 10 location—years where leaf
sample was taken; and iron (Fe) in addition was analyzed in Wisconsin and Indiana during 2011 and in Ontario, Michigan, and Indiana in 2013. All other
nutrients tested were not statistically significant in any of the site-years. IN = Indiana, WI = Wisconsin, IA = Iowa, MI = Michigan, and ON = Ontario,
Canada. Means were compared using Fisher’s least significant difference. Means within a column followed by the same letter do not differ significantly at

P =0.05.

2 PRE = before soybean emergence, V3 = third trifoliate stage of soybean. Details of each treatment explained in Table 3.
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ence in those experiments was most likely due to higher weed
infestation in nonglyphosate treatments, although weeds were not
the focus of this study and detailed data regarding weed control are
not shown in this report. Excellent weed control for a broad
spectrum of weeds from glyphosate applications is well
documented in the literature; therefore, this is not surprising. Addi-
tionally, Njiti et al. (43) in a field study reported higher grain yield
in some SDS-susceptible cultivars sprayed with glyphosate.

Our research showed that glyphosate was not interacting with
manganese as measured by tissue analysis across all locations and
years. Nutrient tissue analysis differences among treatments across
the locations could have been associated with soil nutrient levels,
environmental conditions, or soybean genetics. Overall, this re-
search was inconclusive in determining the effect of glyphosate on
nutrient accumulation in plant tissue; however, experimental fields
were selected based on history of SDS, and soil from each site was
not analyzed to determine whether underlying nutrient deficiencies
were present that could influence results. Based on yield data and
the fact that no nutrient deficiencies were visually apparent at any
location, glyphosate did not appear to cause any detectable detri-
mental effects to plant nutrient levels required for normal growth
and development.

Although this study provides new field-based results on the im-
pact of glyphosate on SDS, future studies should be conducted to
determine the impact of glyphosate under high disease pressure
and extremely favorable (inoculated and irrigated) environments
for disease development. Nonetheless, although recent claims have
suggested that glyphosate increases SDS severity, results from our
multiyear and location trials did not corroborate these observations.
These results indicate that soybean farmers do not need to change
herbicide programs or apply additional supplementary micronutri-
ents to soybean specifically for SDS management. Instead, farmers
are encouraged to prevent loss by adopting other SDS management
strategies such as selecting less susceptible varieties, implementing
cultural practices to reduce conditions favorable for disease devel-
opment, and avoiding fields with a history of severe SDS.
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