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a b s t r a c t

Fusarium pathogens cause important diseases, such as root/crown rot and Fusarium head blight (FHB), in
cereal crops. These diseases can be caused by similar Fusarium spp. Common root rot (CRR) is widespread
in the western Canadian Prairies, whereas FHB has potential of becoming an important disease in this
region. There are no commercially available cereal cultivars with good resistance to these diseases. It
is therefore important to identify agronomic practices that could affect levels of Fusarium pathogens
in cereals. This review deals primarily with the effects of tillage systems and glyphosate use on the
development of FHB and CRR in wheat and barley in eastern Saskatchewan. Although the FHB study
in 1999–2002 indicated that environment was the most important factor determining FHB develop-
ment, previous glyphosate use and tillage practice were among the production factors with the greatest
association with FHB. Overall, disease was highest in crops under minimum-till management. Previous
glyphosate use was consistently associated with higher FHB levels caused by the most important FHB
pathogens, Fusarium avenaceum and Fusarium graminearum. Cochliobolus sativus, the most common CRR
pathogen, was negatively associated with previous glyphosate use, while F. avenaceum, F. graminearum,
and other fungi were positively associated, suggesting that glyphosate might cause changes in fungal
communities. The occurrence and isolation of F. avenaceum from cereal residues were greater under
reduced-till than conventional-till while C. sativus was most common under conventional-till, and F.
graminearum was lowest under zero-till. Previous glyphosate applications were again correlated pos-
itively with F. avenaceum and negatively with C. sativus. These observations agreed with results from
the FHB and CRR studies. These are the first studies that established a relationship between previous
glyphosate use and increased Fusarium infection of spikes and subcrown internodes of wheat and barley,
or Fusarium colonization of crop residues. However, because of the close association between noncereal
crops, reduced tillage and glyphosate use, it was not possible to completely separate the effects of these

factors on Fusarium infections. Determining the relative contribution of these popular production trends
to the development of diseases caused by Fusarium spp. are essential for devising appropriate agronomic
recommendations to prevent their further spread in western Canada, and to reduce the impact that these
diseases are having in areas where they are already established. The consistent association between pre-

Fusa
nder
vious glyphosate use and
this association and the u

. Introduction

Fusarium pathogens cause important diseases of cereal crops

n western Canada. Root and crown rot (Fernandez and Jefferson,
004) and Fusarium head blight (FHB), also known as scab or
ombstone (Gilbert and Tekauz, 2000), can be especially severe.
ommon root rot (CRR) is a prevalent disease throughout the west-

∗ Corresponding author. Tel.: +1 306 778 7255; fax: +1 306 778 3188.
E-mail address: myriam.fernandez@agr.gc.ca (M.R. Fernandez).

161-0301/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.eja.2009.07.003
rium infections also warrants further research to elucidate the nature of
lying mechanisms determining these effects.

© 2009 Elsevier B.V. All rights reserved.

ern Canadian Prairies (Ledingham et al., 1973). In the province of
Saskatchewan, root and crown rot is generally caused by Cochliobo-
lus sativus (Ito & Kurib.) Drechsl. ex Dastur (anamorph Bipolaris
sorokiniana [Sacc.] Shoemaker) and Fusarium spp. (Fernandez and
Jefferson, 2004). Fusarium avenaceum (Fr.:Fr.) Sacc. (teleomorph
Gibberella avenacea Cook) is one of such species found in under-

ground and ground-level tissue of common (Triticum aestivum
L.) and durum (T. turgidum L. ssp. durum [Desf.] Husn.) wheat
(Fernandez and Jefferson, 2004; Fernandez and Zentner, 2005;
Fernandez et al., 2007a). This pathogen is also frequently isolated
from discoloured roots of noncereal crops, being found at high-

http://www.sciencedirect.com/science/journal/11610301
http://www.elsevier.com/locate/eja
mailto:myriam.fernandez@agr.gc.ca
dx.doi.org/10.1016/j.eja.2009.07.003
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st levels in pulse crops (Fernandez, 2007). Many of the Fusarium
solates in discolored subcrown internodes or crowns are also
ssociated with FHB in wheat and barley (Hordeum vulgare L.)
Fernandez et al., 2002a,b).

Of the several Fusarium species that can cause FHB, the most
mportant pathogen in North America is F. graminearum Schwabe
teleomorph G. zeae [Schwein.] Petch). This pathogen produces

ycotoxins harmful to humans and livestock. The most commonly
ound mycotoxin in infected grain is deoxynivalenol (DON). Toler-
nce levels for Fusarium-damaged kernels (FDK) are very low due to
rocessing problems and potential food safety concerns. For exam-
le, FDK greater than 0.25% by weight will cause Canada Western
ed Spring (CWRS) class of wheat, to be downgraded from CWRS
1 to CWRS #2. A FDK value of over 1% down grades it to CWRS #3,
nd over 2% to CWRS #4 (Canadian Grain Commission, 2007). For
alting barley, the tolerance for FDK is nil for Super Select and 0.2%

or Select, whereas FDK for feed barley is 1%. These low tolerance
evels cause significant economic losses to producers in affected
reas.

Relative to other Fusarium pathogens, F. graminearum has been
ess commonly isolated from infected cereal spikes and kernels in

estern regions of the Canadian Prairies than in areas where this
isease has been historically more prevalent. The other Fusarium
athogens commonly found in Saskatchewan are also mycotoxin
roducers. Among these are F. avenaceum, F. culmorum (W.G. Smith)
acc., and F. poae (Peck) Wollenw., with F. avenaceum reported as
he most, or one of the most, common species in infected spikes
nd kernels of wheat and barley (Clear et al., 2000; Fernandez et al.,
003, 2007d; Pearse et al., 2007b; Turkington et al., 2002). Although
either F. avenaceum nor F. poae produce DON, they produce other
armful mycotoxins (Abramson et al., 2002).

Unfavourable weather conditions have caused FHB to occur
t lower levels in the last few years in Saskatchewan (Pearse
t al., 2007a,b) than in the late 1990s and early 2000s when
rovince-wide surveys showed the disease to be well established

n wheat and barley in eastern regions of the province and spread-
ng westward (Fernandez et al., 1999, 2000, 2001, 2002a,b; Pearse
t al., 2003). Thus, FHB still has potential to spread further west,
nd adversely impact production and marketing opportunities for
heat and barley throughout the western Prairies when conditions

re favourable for its development.
There are no commercially available wheat or barley culti-

ars with good resistance to FHB registered in western Canada
Fernandez et al., 2005, 2007d). Chemical treatment has proven
nconsistent or ineffective in controlling FHB and/or preventing its
pread.

Because of the continued importance of FHB in the eastern
rairies, and its potential to spread westward, strategies need to
e designed to stop or reduce the rate of spread, and to decrease
he damage it causes in areas where it is already well estab-
ished. Understanding the impact of agronomic practices on disease
nd inoculum levels should form part of comprehensive strategies
imed at controlling FHB. A comprehensive strategy should also
nclude the role of Fusarium infection of crop roots and crowns as
ources of fungal inoculum and its potential carryover from one
rowing season to the next.

The adoption and use of conservation tillage (minimum- till and
ero-till) practices have become widespread throughout western
anada (Zentner et al., 2002). These tillage methods are heavily
ependent on the use of glyphosate formulations for weed control.
hus, it is also important to determine the possible impact that

his increased use of glyphosate might have on the development of
HB.

Several studies have examined the effect of tillage practice on
HB or FDK and associated DON levels in wheat in other regions in
orth America and elsewhere (Dill-Macky and Jones, 2000; Krebs
ronomy 31 (2009) 133–143

et al., 2000; Miller et al., 1998; Schaafsma et al., 2001; Yi et al.,
2001). These findings vary with respect to the impact that tillage
and amount of crop residue have on disease levels, with no dif-
ference among tillage systems often observed (Miller et al., 1998;
Teich and Nelson, 1984). There are few reported studies on the
impact of tillage system on FHB in barley. In studies conducted in
Quebec, Rioux et al. (2005) found that DON content was greater in
barley grown under minimum till than conventional-till manage-
ment.

The effect of herbicides on FHB development has not been exten-
sively examined. Teich and Hamilton (1985) and Teich and Nelson
(1984) reported that there was no significant difference in disease
levels in wheat fields with or without herbicides, but they did not
identify the specific herbicides used. Difficulties in evaluating the
possible effect of glyphosate or other herbicides on FHB include
a lack of information regarding type, time and dose of herbicide
applied, and lack of adequate glyphosate-free controls.

Severity of CRR was not affected by tillage method (Bailey et
al., 2001; Conner et al., 1987) or declined in reduced tillage sys-
tems (Bailey et al., 2000; Tinline and Spurr, 1991). Furthermore,
higher levels of C. sativus, and lower levels of Fusarium spp., in
wheat or barley roots were reported with changes from less to more
intensive tillage (Bailey et al., 2000, 2001; Windels and Wiersma,
1992). Although the effect of several herbicides on CRR pathogens
was examined (Hsia and Christensen, 1951; Isakeit and Lockwood,
1989; Tinline and Hunter, 1982), the impact of glyphosate usage on
this disease has not been reported.

The overall objective of our research was to identify agronomic
practices associated with the development of high FHB levels in
wheat and barley. Because of the possible impact that Fusarium spp.
in underground plant tissue might have on the development of FHB
and persistence of inoculum in the field, the objectives included
an examination of the impact of agronomic practices on fungal
populations in subcrown internodes. A comprehensive approach to
understanding disease development includes examining the role of
crop residues as reservoirs of inoculum for infection and fungal car-
ryover from one season to the next, and how pathogen populations
on these residues are affected by agronomic practices.

This information should help identify cultural and manage-
ment practices that might decrease Fusarium populations in live
and dead crop tissue, and thus lead to recommendations regard-
ing practices that can reduce damage to wheat and barley from
FHB on the Canadian Prairies. A better understanding of the fac-
tors affecting pathogen inoculum and crop infection is important
for devising highly efficacious strategies to reduce inoculum levels,
disease development, and further spread of cereal diseases caused
by Fusarium spp.

The studies reported here were conducted on commercial
fields in eastern Saskatchewan. Surveying commercial fields allows
examination of plants in a large area, with little or no inter-
ference from fields under other agronomic practices, a common
concern in experimental plot trials. Although surveys of com-
mercial fields allow examination of a wide range of crops under
different combinations of agronomic practices, they can also suffer
from confounding effects of the various practices.

This review focuses on the impact of tillage system and
glyphosate use on FHB and CRR diseases. Because glyphosate use is
dependent on tillage frequency, these two factors are usually con-
founded. In order to isolate the effects of tillage frequency from
those of glyphosate use, the latter was analyzed as an effect nested
within tillage system. Only the most important findings concerning

tillage and glyphosate associations with FHB, CRR and fungal popu-
lations on crop residues are presented here. Comprehensive reports
of associations with other agronomic practices, such as cropping
sequence, have been previously published (Fernandez et al., 2005,
2007a,c,d, 2008).
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effect on the FHB index was not influenced by environmental
conditions as much as for other agronomic factors whose effects
on disease levels were not consistent from year to year. Under
minimum-till, application of glyphosate at least once in the previ-
ous 18 months significantly increased the mean FHB index and the

Table 1
Effect of tillage system on the frequency of common and durum wheat crops in
high and low classes based on the Fusarium head blight (FHB) index, in eastern
Saskatchewan, from 1999 to 2002 (adapted from Fernandez et al., 2005).

Year No. of
fields

FHB
class

Tillage system Chi-square

Conventional Minimum Zero

1999 33 High 10 15 8 4.03 (0.13)a

55 Low 11 19 25

2000 55 High 11 28 16 3.20 (0.20)
62 Low 17 27 18

2001 95 High 9 64 22 4.72 (0.09)
93 Low 8 50 35

2002 47 High 1 29 17 nab

158 Low 5 83 70

a Values in parentheses are probabilities of obtaining a larger value of chi-square
by chance alone.

b na: chi-square test not performed due to fewer than five observations in one
cell.

Table 2
Effect of tillage system on the mean Fusarium head blight (FHB) index in com-
mon and durum wheat crops sampled in eastern Saskatchewan, from 1999 to 2002
(adapted from Fernandez et al., 2005).

Year No. of
fields

Tillage system Probabilitya

Conventional (%) Minimum (%) Zero (%)

1999 88 0.33 ab 0.22 ab 0.09 b 0.07
2000 117 1.99 ab 3.39 a 1.80 b 0.08
2001 188 8.90 ab 9.51 a 6.25 b 0.04
M.R. Fernandez et al. / Europ

. Materials and methods

Commercial fields (experimental units) were selected randomly
ithin Crop Districts 1B and 5A in south-east and east-central

askatchewan to represent the most common cropping practices in
he area. A description of the study area was provided by Fernandez
t al. (2005).

In late July to early August, spikes at the mid-milk to dough
tage of plant development (growth stage 75–83, Zadoks et al.,
974) were taken at random from each field and the percentage
f spikes with FHB-like symptoms (incidence) determined. Disease
everity was estimated visually based on the percentage of spikelets
iscolored on each spike. Individual spikelets/lemma showing dis-
oloration were removed, surface-disinfested, plated on modified
otato dextrose agar (Burgess et al., 1988; Fernandez and Chen,
005), and incubated for 7 days under fluorescent and near-UV

ights at 22 ◦C day/15 ◦C night, 16 h photoperiod to confirm infec-
ion by Fusarium spp. and for species identification. Fusarium spp.
ere identified by colony and spore morphology and reproduc-

ive structures (Samson et al., 2002; Watanabe, 2002). All isolates
dentified as F. graminearum produced perithecia. A FHB index was
alculated for each of the wheat and barley crops sampled based
n the presence of Fusarium isolates in the tissue plated and on the
ercentage isolation of the most common Fusarium spp., i.e. F. ave-
aceum (FHB-Fav), F. graminearum (FHB-Fg), F. poae (FHB-Fp), and
. sporotrichioides Sherb. (FHB-Fspo).

Grain samples from most of the fields sampled were obtained
rom cooperating producers in 2000 and 2001. Kernels with
DK-like symptoms were visually identified in a 50 g subsample,
emoved, and weighed. The percentage of FDK-like symptoms was
etermined based on total weight of the sample. A subsample of
ernels with FDK symptoms was plated as above, and fungi grow-
ng out of kernels were identified. A percentage “total FDK” was
hen calculated based on the percentage isolation of Fusarium spp.
ercentage FDKs were also calculated based on the percentage iso-
ation of the most common species (FDK-Fav, FDK-Fg, FDK-Fp, and
DK-Fspo).

Plants were selected at random in each field surveyed and care-
ully removed from the soil to determine CRR. Subcrown internodes
ere rated for extent of brown to black discoloration on a 0–3

cale (Ledingham et al., 1973) and a subcrown internode discol-
ration index was calculated for each field based on the incidence
nd severity of discoloration. The most discolored segment of each
ubcrown internode was then surface-disinfested, plated and incu-
ated as above. Fungi growing out of subcrown internodes were

dentified and percentage isolation of each fungus calculated.
Residues of crops grown the previous year were sampled to

dentify and quantify fungal populations in each field. Pieces were
ut from each residue sample (cereal pieces included a node),
ashed thoroughly and air-dried before surface-disinfesting,
lated and incubated as described above. The percentage occur-
ence of each fungus was based on the proportion of fields sampled
here the fungus was isolated at least once. The mean percentage

solation of a fungus in a field was the total number of isolates of
he fungal species divided by the number of plated residue pieces
rom that field.

Crops/fields were categorized according to agronomic practice
rom information provided by cooperating producers. Wheat and
arley crops were categorized into FHB “susceptible” and “inter-
ediate” cultivars. Susceptible cultivars were those rated as “poor”,

nd intermediate cultivars were those rated as “fair” or “fair+” in the

askatchewan Varieties of Grain Crops publication (SAFRR, 2005).
or tillage system, fields were categorized by the total number of
illage operations performed in the previous three years. Fields
nder conventional-till had a total of seven or more tillage opera-
ions, and those under minimum-till had one to six operations (i.e.,
ronomy 31 (2009) 133–143 135

up to two tillage passes per year), while there were no tillage oper-
ations performed in fields under zero-till management. Residue
cover was not estimated for any field. Fields were also categorized
according to whether they received any application of glyphosate
herbicide in the previous 18 months. Some of the glyphosate had
been applied on glyphosate-tolerant canola (Brassica spp.). No other
glyphosate-tolerant crop was grown in any of the fields sampled.

The FHB, FDK, CRR severity, and fungal data were analyzed as
described by Fernandez et al. (2005, 2007a,c,d, 2008).

3. Results

3.1. Fusarium head blight

Fusarium graminearum was the most common pathogen isolated
in all four years of the study (41.3%) from common and durum
wheat; however, various other Fusarium species were also isolated
from spikes or kernels. Tillage significantly affected the proportion
of fields with a high FHB index, and/or the mean FHB index in three
of four years (Tables 1 and 2), with the mean FHB index generally
highest under minimum-till and lowest under zero-till.

Previous glyphosate application, nested within tillage system,
was the only agronomic factor significantly associated with higher
FHB levels every year of the study (Tables 3 and 4). Glyphosate’s
2002 205 0.28 0.52 0.31 0.36

Mean 2.99 4.21 2.10

a Probability of achieving a larger value of F by chance alone.
b Mean FHB index within a year followed by a different letter are significantly

different according to least significant differences.
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Table 3
Effect of glyphosate application (previous 18 months) across tillage systems on the
mean Fusarium head blight (FHB) index in common and durum wheat crops sampled
in eastern Saskatchewan, from 1999 to 2002 (adapted from Fernandez et al., 2005).

Year No. of
crops

Glyphosate
use

Tillage system

Conventional (%) Minimum (%) Zero (%)

1999 39 Yes 0.71 (<0.01)a 0.27 (0.08) 0.10 (ns)
28 No 0.15 0.12 0.00

2000 80 Yes 2.93 (ns) 4.30 (<0.01) 1.82 (ns)
47 No 1.55 1.92 0.42

2001 143 Yes 8.28 (ns) 11.53 (<0.01) 6.36 (ns)
45 No 9.45 5.00 0.42

2002 133 Yes 0.14 (ns) 0.75 (<0.01) 0.23 (ns)

a

p
g
i
t
h

than barley grown under zero till and conventional-till combined

T
E
F

T
E
s

F

74 No 0.36 0.19 0.52

a Values in parentheses are probabilities of achieving a larger value of F by chance
lone; ns indicates probability >0.10.

roportion of fields in the high FHB index class every year. Previous

lyphosate application did not always cause a significant (P > 0.10)
ncrease in the mean FHB index under conventional-till or zero-
ill management although the mean FHB index was consistently
igher and statistically significant in 1999 for conventional-

able 4
ffect of glyphosate application (previous 18 months) across tillage systems on the freq
usarium head blight (FHB) index, in eastern Saskatchewan, from 1999 to 2002 (adapted

Year No. of crops Glyphosate use Tillage system

Conventional

FHB class

High Low Chi-square

1999 39 Yes 5 2 naa

28 No 5 9

2000 80 Yes 5 4 na
47 No 6 13

2001 143 Yes 4 4 na
45 No 5 4

2002 133 Yes 0 2 na
74 No 1 3

a na: chi-square test not performed due to fewer than five observations in one or more
b Values in parentheses are probabilities of obtaining a larger value of chi-square by ch

able 5
ffect of tillage system on total Fusarium head blight (FHB) index, and on that attribu
porotrichioides (FHB-Fspo) in barley crops sampled in eastern Saskatchewan, 1999–2002

Effect/contrast No. of crops FHB-total

Crop susceptibilityb × tillage systemc 0.020
Crop susceptibility × CT vs. MT, ZT 0.006

Susceptible cultivars
CT 20 1.1 (0.3)
MT 47 2.1 (0.5)
ZT 18 2.2 (0.6)

Intermediate cultivars
CT 13 1.9 (0.4)
MT 65 1.4 (0.3)
ZT 24 0.5 (0.1)

a Probability of having a larger difference by chance alone.
b Categorization of cultivars into “susceptible” (“poor”) and “intermediate” (“fair” or “fair

ood and Rural Revitalization, 2005) for each of the cultivars.
c CT: conventional-till; MT: minimum-till; ZT: zero-till.
d Standard error of the mean.
ronomy 31 (2009) 133–143

till (P ≤ 0.01) wheat grown on fields previously treated with
glyphosate.

Tillage system did not affect the mean percentage FDK of
common and durum wheat in 2000 or 2001, whereas previous glyh-
phosate use significantly increased the proportion of fields with a
high percentage FDK, and/or the mean percentage FDK (Fernandez
et al., 2005).

For two-rowed and six-rowed barley, Fusarium species other
than F. graminearum were most common. The percentage FHB
attributed to F. graminearum was 29%, 47% for F. sporotrichioides,
35% for F. poae, and 38% for F. avenaceum. In most cases, the inter-
action of tillage with cultivar susceptibility was significant. For
total FHB index, FHB-Fg and FHB-Fspo, susceptible cultivars had
the lowest disease levels under conventional-till, whereas cultivars
with intermediate resistance had the lowest levels under zero-till;
this resulted in barley grown under minimum-till having similar
or higher disease levels than when grown under the other tillage
systems (Table 5). Barley grown under minimum-till management
had a significantly higher percentage total FDK, FDK-Fg, and FDK-Fp
(Fernandez et al., 2007d).
The use of glyphosate was associated with increased levels of all

Fusarium pathogens in barley, although effects varied with tillage
system (Table 6). Glyphosate use was associated with a significantly

uencies of common and durum wheat crops in high and low classes based on the
from Fernandez et al., 2005).

Minimum Zero

FHB class FHB class

High Low Chi-square High Low Chi-square

13 9 na 8 2 na
2 9 0 3

28 12 5.70 (0.02)b 14 17 na
10 15 2 1

53 26 12.53 (<0.01) 22 34 na
11 24 0 1

22 44 4.64 (0.03) 14 51 na
7 39 5 19

cells.
ance alone.

ted to F. avenaceum (FHB-Fav), F. graminearum (FHB-Fg), F. poae (FHB-Fp), and F.
(adapted from Fernandez et al., 2007d).

FHB-Fav FHB-Fg FHB-Fp FHB-Fspo

P-valuea

0.853 0.049 0.066 0.003
0.630 0.014 0.311 0.001

Mean % (SE)d

0.5 (0.2) 0.1 (0.1) 0.4 (0.3) 0.4 (0.1)
0.4 (0.1) 0.7 (0.3) 0.1 (<0.1) 0.9 (0.2)
0.4 (0.1) 0.5 (0.3) 0.3 (0.2) 1.2 (0.5)

0.3 (0.1) 0.3 (0.1) 0.1 (<0.1) 1.3 (0.3)
0.2 (<0.1) 0.2 (<0.1) 0.2 (0.1) 0.7 (0.2)
0.2 (0.1) <0.1 (<0.1) 0.1 (<0.1) 0.2 (0.1)

+”) is based on data presented in Varieties of Grain Crops (Saskatchewan Agriculture,
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Table 6
Effect of glyphosate use (previous 18 months) on total Fusarium head blight (FHB) index, and FHB index attributed to F. avenaceum (FHB-Fav), F. graminearum (FHB-Fg), F.
poae (FHB-Fp), and F. sporotrichioides (FHB-Fspo), of barley crops within each tillage system, sampled in eastern Saskatchewan, 1999-2002 (adapted from Fernandez et al.,
2007d).

Tillage systema Glyphosate useb No. of crops FHB-total FHB-Fav FHB-Fg FHB-Fp B-Fspo

P-valuec

CT 0.017 0.841 0.121 0.071 0.001
MT 0.465 0.010 0.375 0.585 0.801
ZT 0.015 0.604 0.100 0.378 0.025

Mean % (SE)d

CT No 14 0.8 (0.3) 0.4 (0.2) 0.1 (0.0) 0.0 (0.0) 0.4 (0.2)
CT Yes 7 2.8 (0.7) 0.4 (0.2) 0.4 (0.2) 0.6 (0.3) 1.5 (0.4)
MT No 47 1.4 (0.3) 0.1 (0.0) 0.2 (0.1) 0.2 (0.0) 0.7 (0.3)
MT Yes 76 1.7 (0.3) 0.3 (0.1) 0.4 (0.2) 0.2 (0.1) 0.7 (0.1)
ZT No 7 0.5 (0.3) 0.3 (0.3) 0.0 (0.0) 0.1 (0.0) 0.0 (0.0)
ZT Yes 36 1.3 (0.3) 0.3 (0.1) 0.2 (0.1) 0.2 (0.1) 0.7 (0.2)

a CT: conventional-till; MT: minimum-till; ZT: zero-till.
b No: no glyphosate applied; Yes: glyphosate applied at least once in the previous 18 m
c Probability of having a larger difference by chance alone.
d Standard error of the mean.

Table 7
Correlation between number of glyphosate applications in previous 18 months and
Fusarium head blight index attributed to F. avenaceum (FHB-Fav) and F. graminearum
(FHB-Fg), for all barley crops, and for susceptible cultivars and cultivars with inter-
mediate resistance, grown under minimum-till, sampled in eastern Saskatchewan,
2000–2002 (adapted from Fernandez et al., 2007d).

No. of crops FHB-Fav FHB-Fg

All crops 112 0.234 (0.019)a 0.146 (0.151)
Susceptibleb 47 0.115 (0.456) 0.163 (0.289)
Intermediate 62 0.439 (0.000) 0.347 (0.005)

a Correlation coefficients (r) values in parentheses are probabilities of obtaining
a

o
e

h
p
u
F
g
t
c
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o

higher value of r by chance alone.
b Categorization of cultivars into “susceptible” (“poor”) and “intermediate” (“fair”

r “fair+”) is based on data presented in Varieties of Grain Crops (SAFRR, 2005) for
ach of the cultivars.

igher level of FHB-Fav in barley grown under minimum-till com-
ared with barley grown in untreated fields. Similarly, barley grown

nder zero-till had a significantly higher total FHB index, FHB-
g, and FHB-Fspo after previous applications of glyphosate. Barley
rown under conventional-till also had significantly higher FHB-
otal, FHB-Fp, and FHB-Fspo in fields that had received glyphosate
ompared with those that had not.

able 8
ffect of tillage system by previous crop/summerfallow on the common root rot index (CR
f common wheat crops sampled in eastern Saskatchewan, in 1999–2001 (adapted from

Effect/contrast No. of crops CRRI

Summerfallow: CT vs. MTc 0.049
Cereal: CT vs. MT, ZT 0.166
Cereal: MT vs. ZT 0.198
Oilseed: CT vs. MT, ZT 0.127
Oilseed: MT vs. ZT 0.446
Pulse: MT vs. ZT 0.077

Summerfallow (CT) 18 1.5 (0.1)
Summerfallow (MT) 14 1.2 (0.1)
Cereal (CT) 10 1.1 (1.6)
Cereal (MT) 52 1.3 (<0.1)
Cereal (ZT) 17 1.4 (0.1)
Oilseed (CT) 31 1.3 (0.1)
Oilseed (MT) 84 1.3 (<0.1)
Oilseed (ZT) 54 1.2 (0.1)
Pulse (MT) 34 1.3 (<0.1)
Pulse (ZT) 25 1.2 (0.1)

a Cs: Cochliobolus sativus; Fav: F. avenaceum; Fc: F. culmorum; Fg: F. graminearum.
b Probability of having a larger difference by chance alone.
c CT: conventional-till; MT: minimum-till; ZT: zero-till.
d Standard error of the mean.
onths.

Correlations between the number of glyphosate applications
applied to barley fields in the previous 18 months and FHB caused
by F. graminearum (FHB-Fg) and F. avenaceum (FHB-Fa) (Table 7)
showed that the impact of this herbicide on disease levels was
greater for barley cultivars with intermediate resistance than for
susceptible cultivars.

3.2. Common root rot

The most commonly isolated fungus from wheat and barley sub-
crown internodes was C. sativus, followed by the genus Fusarium.
Most of the Fusarium spp. isolated from subcrown internodes were
also isolated from spikes and kernels.

Levels of most fungi in common wheat were affected by tillage,
although not in a consistent manner. Significant tillage effects for F.
culmorum and F. graminearum were only observed in wheat planted
after another cereal crop, where F. graminearum was favoured

by minimum-till and F. culmorum was lowest under zero-till
management (Table 8). Reduced tillage had a positive effect on F.
avenaceum populations in subcrown internodes of wheat, although
this tillage effect was only observed in wheat grown after an oilseed
crop.

RI), and mean percentage isolation of fungi from discoloured subcrown internodes
Fernandez et al., 2007a).

Csa Fav Fc Fg

P-valueb

0.253 0.781 0.311 0.179
0.602 0.836 0.129 0.010
0.284 0.144 0.062 0.010
0.000 0.011 0.749 0.205
0.027 0.259 0.476 0.911
0.144 0.888 0.984 0.608

Mean % (SE)d

66.3 (3.7) 1.9 (1.1) 0.2 (0.2) 1.3 (0.9)
59.0 (5.1) 2.4 (1.5) 0.0 (0.0) 0.0 (0.0)
40.7 (8.5) 3.6 (1.5) 1.7 (1.6) 0.0 (0.0)
39.1 (3.6) 5.0 (1.1) 1.5 (0.6) 1.3 (0.5)
32.8 (4.5) 2.9 (1.0) 0.3 (0.2) 0.0 (0.0)
50.4 (3.5) 2.4 (0.9) 0.7 (0.5) 1.7 (0.6)
37.1 (2.3) 4.6 (0.8) 1.2 (0.6) 0.8 (0.3)
28.7 (2.9) 6.2 (1.1) 1.0 (0.4) 0.8 (0.5)
38.4 (3.9) 8.1 (1.4) 1.2 (0.7) 1.7 (0.8)
29.1 (4.9) 8.4 (2.0) 1.2 (0.6) 1.1 (0.5)
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Table 9
Effect of tillage system on the common root rot index (CRRI) and percentage isolation of the most common fungi isolated from subcrown internodes, for all barley crops and
for those preceded by a cereal or an oilseed crop, sampled in eastern Saskatchewan, 1999–2001 (adapted from Fernandez et al., 2007c).

Effect/contrast No. of crops CRRI Csa Fus spp. Fav Fc Fe Fg

P-valueb

All previous crops 0.074 0.001 0.011 0.026 0.663 0.445 0.008
CT vs. MT, ZTc 0.016 0.000 0.006 0.012 0.907 0.187 0.005

Mean % (SE)d

CT 28 1.9 (0.1) 62.6 (3.2) 14.6 (2.3) 3.4 (0.9) 3.0 (1.3) 6.3 (1.7) 0.2 (0.2)
MT 82 1.6 (<0.1) 49.0 (2.1) 20.5 (1.7) 4.6 (0.7) 3.6 (0.9) 8.5 (1.2) 2.1 (0.6)
ZT 23 1.6 (0.1) 45.8 (3.9) 25.7 (2.6) 7.2(1.4) 2.2 (1.9) 11.7 (2.2) 2.0 (1.0)

P-value
Cereal 0.138 0.045 0.000 0.114 0.004 0.258 0.178
CT vs. MT, ZT 0.513 0.032 0.001 0.090 0.227 0.070 0.058

Mean % (SE)
CT 11 1.9 (0.2) 65.9 (5.5) 8.4 (1.8) 1.9 (0.9) 0.6 (0.4) 5.1 (1.5) 0.0 (0.0)
MT 31 1.6 (0.1) 50.6 (3.6) 16.0 (1.8) 4.1 (0.9) 3.3 (1.1) 6.5 (1.4) 1.3 (0.5)
ZT 8 1.7 (0.1) 48.9 (6.4) 19.0 (2.2) 3.8 (1.5) 0.0 (0.0) 12.3 (2.6) 0.0 (0.0)

P-value
Oilseed 0.904 0.003 0.551 0.014 0.025 0.401 0.700
CT vs. MT, ZT 0.553 0.001 0.411 0.007 0.518 0.892 0.491

Mean % (SE)
CT 9 1.6 (0.1) 63.8 (5.5) 17.5 (5.2) 3.6 (1.7) 5.0 (3.5) 6.1 (3.8) 0.6 (0.6)
MT 39 1.6 (0.1) 44.4 (3.1) 21.9 (3.0) 5.0 (1.1) 3.0 (1.1) 8.5 (1.8) 2.6 (1.0)
ZT 10 1.6 (0.1) 42.0 (6.2) 27.0 (4.6) 8.7 (2.0) 0.2 (0.2) 13.8 (4.0) 2.2 (1.5)
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Cs, Cochliobolus sativus; Fus spp., total Fusarium spp.; Fav, F. avenaceum; Fc, F. cu
b Probability of having a larger difference by chance alone.
c CT, conventional-till; MT, minimum-till; ZT, zero-till.
d Standard error of the mean.

While CRRI and C. sativus isolations from subcrown internodes of
arley were favoured by conventional-till management, coloniza-
ion by Fusarium spp., especially F. avenaceum and F. graminearum,
ncreased under reduced tillage (Table 9).

The effect of glyphosate on fungi isolated from subcrown
nternodes of wheat and barley varied with tillage system.
revious glyphosate applications were associated with a sig-
ificantly (P ≤ 0.05) lower percentage isolation of C. sativus in
heat grown after a crop under minimum-till (44% and 35%, for
nsprayed fields, n = 51, and for sprayed fields, n = 110, respec-
ively). In contrast, there was a higher level of F. avenaceum in
heat grown in glyphosate-sprayed than glyphosate-free fields

nder conventional-till and zero-till, although this was only
ignificant (P ≤ 0.01) for the latter (for fields under conventional-
ill: 2% for unsprayed, n = 26, and 5% for sprayed, n = 14; for
elds under zero-till: 1%, n = 6, for unsprayed, 7%, n = 81, for
prayed).

able 10
ffect of glyphosate use (previous 18 months) on the common root rot index (CRRI) and p
astern Saskatchewan, 1999–2001 (adapted from Fernandez et al., 2007c).

Tillage systemb Glyphosate usec No. of crops CRRI Csa

CT 0.165 0.125
MT 0.934 0.033
ZT 0.494 0.219

CT No 9 2.0 (0.2) 59.6 (6.1)
CT Yes 7 1.8 (0.2) 51.5 (4.0)
MT No 26 1.7 (0.1) 56.3 (3.0)
MT Yes 55 1.6 (0.1) 46.2 (2.6)
ZT No 2 2.0 (0.1) 61.0 (8.2)
ZT Yes 19 1.6 (0.1) 43.8 (3.5)

a CT, conventional-till; MT, minimum-till; ZT, zero-till.
b No, no glyphosate applied; Yes, glyphosate applied at least once in previous 18 mont
c Cs, Cochliobolus sativus; Fus spp., total Fusarium spp.; Fav, F. avenaceum; Fc, F. culmoru
d Probability of having a larger difference by chance alone.
e Standard error of the mean.
m; Fe, F. equiseti; Fg, F. graminearum.

Glyphosate was associated with higher levels of total Fusarium
spp., F. culmorum and F. graminearum, but lower levels of C. sativus,
on barley grown under minimum-till (Table 10). Levels of F. ave-
naceum also tended to be higher in glyphosate-sprayed than in
glyphosate-free fields. The same effects of glyphosate on fungal
isolations observed under minimum-till were generally observed
under conventional-till and/or zero-till; although they were not
always significant (P > 0.10). The exception was for F. avenaceum in
barley which was present at higher levels in the glyphosate-sprayed
than the glyphosate-free zero-till fields.

3.3. Crop residues
A variety of fungal species were isolated from crop residues,
including the same Fusarium spp. found in discolored underground
tissue and spikes affected by FHB, although at different relative
frequencies.

ercentage isolation of fungi within each tillage system, for barley crops sampled in

Fus spp. Fav Fc Fe Fg

P-valued

0.229 0.448 0.923 0.472 1.000
0.027 0.296 0.056 0.667 0.092
0.765 0.021 0.325 0.377 0.815

Mean % (SE)e

16.2 (4.7) 4.0 (1.9) 4.5 (3.4) 5.8 (3.1) 0.0 (0.0)
24.4 (4.5) 5.4 (1.7) 5.2 (2.9) 11.2 (4.9) 0.0 (0.0)
15.5 (2.3) 3.4 (0.9) 1.5 (0.5) 8.3 (2.1) 0.9 (0.4)
23.0 (2.3) 5.1 (0.9) 4.6 (1.3) 8.8 (1.5) 2.7 (0.8)
26.8 (8.0) 4.1 (0.1) 0.0 (0.0) 18.5 (4.8) 2.1 (1.6)
25.9(2.8) 7.9 (1.5) 2.6 (2.3) 10.8 (2.5) 2.1 (1.1)

hs.
m; Fe, F. equiseti; Fg, F. graminearum.
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Table 11
Correlations between mean percentage isolation of F. graminearum (Fg) and F. avenaceum (Fav) from various crop residues compared with Fusarium head blight (FHB)
severity or percent Fusarium-damaged kernels (FDK) caused by these fungi in common and durum wheat and barley crops categorized by FHB reaction, sampled in eastern
Saskatchewan, 2000 and 2001 (adapted from Fernandez et al., 2008).

Crop
residue

Current
crop

FHB reactiona Fg vs. FHB-Fg Fgv vs. FDK-Fg Fav vs. FHB-Fav Fav vs. FDK-Fav

No. of
fields

rb Pc No. of
fields

r P No. of
fields

r P No. of
fields

r P

Cereal Barley Susceptible 15 0.412 (0.127) 13 0.713 (0.006) 15 0.308 (0.265) 13 0.069 (0.824)
Cereal Barley Intermediate 15 0.366 (0.180) 13 0.878 (0.000) 15 0.213 (0.446) 13 0.027 (0.931)
Oilseed Barley Susceptible nad na 20 0.496 (0.026) 20 0.457 (0.043)
Oilseed Barley Intermediate na na 19 0.270 (0.263) 19 0.195 (0.423)
Cereal Wheat Susceptible 16 0.342 (0.195) 15 0.875 (0.000) 16 0.224 (0.404) 15 0.111 (0.694)
Cereal Wheat Intermediate 32 0.789 (0.000) 26 0.610 (0.001) 32 0.125 (0.495) 26 −0.160 (0.435)
Oilseed Wheat Susceptible na na 33 −0.084 (0.643) 32 −0.150 (0.414)
Oilseed Wheat Intermediate na na 66 0.095 (0.447) 64 0.099 (0.436)
Pulse Wheat Susceptible na na 19 0.427 (0.068) 16 0.227 (0.398)
Pulse Wheat Intermediate na na 26 −0.194 (0.342) 25 0.026 (0.901)

a Categorization of wheat and barley crops according to their reactions to FHB (Fernandez et al., 2005, 2007d).
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b Correlation coefficient.
c Probability of having a higher r value by chance alone.
d na: not applicable.

The FHB index and percentage FDK caused by F. graminearum or
. avenaceum, obtained from the FHB studies of wheat and barley
resented above, were correlated with the mean percentage iso-

ation of each of these pathogens from crop residues (Table 11).
or F. graminearum, the FHB index and percentage FDK in wheat
nd barley were positively correlated with its mean percentage
solation from cereal residues, although for the FHB index this

as significant only for wheat cultivars with intermediate resis-
ance. For F. avenaceum, there were significant positive correlations
etween its mean percentage isolation from oilseed residues and
he FHB index in susceptible barley cultivars grown on oilseed stub-
le, and between its mean percentage isolation from pulse residues
nd percentage FDK in common wheat cultivars with intermediate
esistance grown on pulse stubble.

The Fusarium species isolated from crop residues varied depend-
ng on tillage method. The percentage occurrence of F. avenaceum

as highest under zero-till in cereal residues with another cereal as
he current crop (Table 12). Fusarium culmorum in cereal residues
ad the lowest percentage occurrence under zero-till when the
urrent crop was an oilseed; whereas, under these same residue
onditions, F. graminearum had the lowest percentage occurrence
nder conventional-till. In contrast, the percentage occurrence of
. sativus decreased as the intensity of tillage decreased.

Generally, the mean percentage isolation of the various fungal
pecies among tillage systems was similar to those observed for
heir percentage occurrence (Table 12). For cereal residues with
nother cereal as the current crop, the mean percentage isolation
f F. graminearum was lowest under zero-till, whereas the opposite
as true for F. avenaceum. In contrast, C. sativus had the high-

st mean percentage isolation under conventional-till and lowest
nder zero-till, whereas the mean percentage isolation of F. cul-
orum was highest under minimum-till. For cereal residues with

n oilseed or pulse as the current crop, the mean percentage isola-
ion of F. culmorum was lowest under zero-till, whereas for cereal
esidues with a pulse as the current crop, F. graminearum had again
he lowest mean percentage isolation under zero-till.

The close association between tillage operations and glyphosate
pplications made it difficult to separate their effects on the
ungal colonization of residues; however, correlations between

lyphosate use and the mean percentage isolation of some fungi
nder zero-till reflect a negative or positive association with
lyphosate, independent of potential tillage intensity effects.
here was a significant positive correlation between previous
lyphosate applications and F. avenaceum (r = 0.563, P = 0.015) in
cereal residues under zero-till, and a significant negative corre-
lation between glyphosate applications and C. sativus (r = −0.589,
P = 0.010) when an oilseed was the current crop. The observa-
tion that the percentage isolation of F. avenaceum and C. sativus
in crop residues was positively and negatively correlated, respec-
tively, with the number of glyphosate applications under zero-till
management suggests that glyphosate might play a role in fungal
growth and competition among fungal species in crop residues.

The association of glyphosate with lower C. sativus and higher
F. avenaceum in crop residues is consistent with results from the
present CRR studies of wheat and barley, while the positive associ-
ation of glyphosate use with some of the Fusarium pathogens, such
as F. avenaceum, is also consistent with results from the present
FHB studies.

4. Discussion

The prevalence of Fusarium pathogens responsible for FHB and
FDK development was different in wheat than in barley. Fusar-
ium graminearum was the most commonly isolated species only
in common and durum wheat.

Our results from these FHB studies agree with those showing
that average DON levels in wheat were higher under minimum-
till than under either zero-till or conventional-till management
(Schaafsma et al., 2001). Other studies have indicated that tillage
had no effect on FHB (Teich and Nelson, 1984; Miller et al., 1998),
or that the incidence of F. graminearum-infected wheat grain and
DON content (Krebs et al., 2000) or FHB levels (Yi et al., 2001)
were lowest under conditions of high disturbance tillage. For barley,
Rioux et al. (2005) reported that barley grown under minimum-till
had a higher DON content than when grown under conventional-
till.

The significant positive association of previous glyphosate appli-
cation with FHB development suggests that the lower disease levels
observed under zero-till compared to minimum-till management
were not related to previous glyphosate application, but to factors
intrinsic to zero-till management such as the lack of disturbance of
residues which appears to have impacted inoculum levels and/or
its availability for head infection.
Our observations on tillage effects on the relative prevalence of
these pathogens in subcrown internodes of wheat and barley agree
with studies conducted elsewhere. The higher CRRI and C. sativus
levels with increasing tillage intensity observed after some crop-
ping sequences are similar to results reported by Bailey et al. (2000,
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Table 12
Effect of tillage system by cropping sequence on percentage occurrence and mean percentage isolation of fungi from various crop residues categorized by the crop grown in
the sampling year, sampled in eastern Saskatchewan, 2000 and 2001 (adapted from Fernandez et al., 2008).

Contrast Crop
residue

Current
crop

Tillage
systemb

No. of
fields

Percentage occurrence Mean percentage isolation (SE)a

Favc Fc Fg Cs Fav Fc Fg Cs

%
Cereal Cereal CT 11 82 18 46 91 14.8 (2.9) 0.5 (0.3) 10.5 (4.7) 26.9 (6.6)

MT 56 95 38 57 77 21.9 (2.3) 5.7 (1.5) 7.1 (1.2) 11.3 (1.5)
ZT 19 100 32 37 58 37.0 (5.4) 1.5 (0.5) 3.1 (1.3) 6.3 (1.7)

P-valued

CT vs. MT, ZT 0.199 0.226 0.926 0.033 0.001 0.001 0.274 0.009
MT vs. ZT 0.078 0.639 0.124 0.144 0.015 0.011 0.033 0.033

%
Cereal Oilseed CT 9 22 56 11 67 4.6 (3.5) 8.3 (3.2) 2.8 (2.6) 19.4 (6.7)

MT 41 44 46 39 78 7.9 (2.0) 7.6 (1.7) 5.9 (1.5) 16.5 (2.8)
ZT 33 42 15 36 49 8.1 (2.2) 1.3 (0.5) 6.8 (2.1) 10.6 (2.7)

P-value
CT vs. MT, ZT 0.170 0.157 0.030 0.840 0.379 0.247 0.229 0.403
MT vs. ZT 0.900 0.002 0.814 0.009 0.964 0.001 0.723 0.137

%
Cereal Pulse MT 30 33 27 27 70 3.9 (1.2) 4.2 (1.5) 7.8 (3.2) 15.0 (2.5)

ZT 12 17 8 8 67 3.5 (2.7) 0.7 (0.7) 1.4 (1.3) 9.7 (2.6)

P-value
MT vs. ZT 0.244 0.120 0.120 0.838 0.892 0.046 0.085 0.154

%
Oilseed Cereal CT 22 91 0 1 1 24.8 (3.9) 0.0 (0.0) 0.4 (0.4) 0.2 (0.2)

MT 86 94 2 9 2 22.2 (1.7) 0.1 (0.1) 0.6 (0.3) 0.2 (0.2)
ZT 46 89 4 7 4 29.4 (3.4) 0.3 (0.2) 0.4 (0.2) 0.2 (0.1)

P-value
CT vs. MT, ZT 0.911 0.054 0.505 0.801 0.820 0.082 0.775 0.920
MT vs. ZT 0.337 0.556 0.564 0.557 0.075 0.408 0.449 0.796

a Value in parentheses are standard errors of the mean.
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b CT: conventional-till; MT: minimum-till; ZT: zero-till.
c Fav: F. avenaceum; Fc: F. culmorum; Fg: F. graminearum; Cs: Cochliobolus sativus.
d Probability of having a larger difference by chance alone.

001), Mathieson et al. (1990), and Tinline and Spurr (1991). The
igher levels of C. sativus and lower levels of F. avenaceum in more

ntensive tillage systems are similar to observations by Windels and
iersma (1992); however, they did not observe a tillage effect on

. acuminatum or F. culmorum. In other regions of Saskatchewan, F.
venaceum in underground wheat tissue was also associated with
educed tillage management and continuously cropped diversified
otations (Fernandez et al., 2007b). In studies of noncereal crops
onducted in eastern Saskatchewan, tillage operations were also
ositively associated with the occurrence of C. sativus, and nega-
ively associated with F. avenaceum in roots of lentil (Lens culinaris

edik.), flax (Linum usitatissimum L.) and canola plants grown in
otation with wheat or barley (Fernandez, 2007).

Our observation that tillage system effects were dependent on
he previous cropping practices suggests that tillage effects on CRR,
r the fungi isolated from discoloured subcrown internodes, might
e attributed to different factors across the different practices.

The lower population of F. graminearum under zero-till than
onventional-till, in cereal residues when the current crop was
nother cereal, is consistent with observations that F. graminearum
eveloped in parallel with the mineralization of residues (Yi et
l., 2002). The lower recovery of F. culmorum from cereal residues

nder zero-till than conventional-till (when the current crop was
n oilseed) agrees with its lower occurrence reported in culm
ases of winter wheat in ploughless than in conventional tillage
reatments by Weber et al. (2001), and with its greater isolation
rom barley subcrown internodes in our study as tillage intensity
increased. In contrast to the above, F. avenaceum was favoured
under reduced tillage. Tillage system effects on this fungus are sim-
ilar to those observed in the subcrown internodes of barley and
common wheat in the present studies, although the tillage effect
on wheat depended on the cropping sequence.

These studies document the positive association of glyphosate
with pathogenic Fusarium spp., including F. avenaceum, F. culmorum
and F. graminearum, in spikes/kernels and subcrown internodes
of wheat and/or barley, and in residues of these crops almost a
year after harvest. The exact nature of these associations was not
determined.

Previous research has shown that herbicides, including
glyphosate, can inhibit or stimulate the growth of fungal pathogens,
and can either increase or decrease disease development through
direct or indirect means (Altman, 1993; Levesque and Rahe, 1992).
Levesque and Rahe (1992) showed evidence that herbicides can
have a direct effect on various components of the soil microflora,
such as plant pathogens, antagonists, or mycorrhizae, which can
potentially increase or decrease the incidence of plant disease.
Pathogens able to infect weeds can also increase their inoculum
potential after weeds have been sprayed with herbicides, which
could subsequently affect host crops.
The observation that Fusarium infections increased in fields
previously sprayed with glyphosate agrees with reports of the asso-
ciation of glyphosate with Fusarium colonization of other crops.
Although no previous studies examined the effect of glyphosate
on FHB or F. graminearum in cereals, several studies have shown a
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timulatory effect of glyphosate on Fusarium populations (Kawate
t al., 1997; Kremer et al., 2005; Levesque and Rahe, 1992; Rahe
t al., 1990; Sanogo et al., 2001), including F. avenaceum and F.
ulmorum (Brown and Sharma, 1984; Levesque et al., 1987). For
xample, Levesque et al. (1987) reported that glyphosate increased
oot colonization of various treated weeds by F. avenaceum and
. oxysporum Schltdl.:Fr., as well as increasing the propagule den-
ity of these species in soil. Johal and Rahe (1984) and Rahe et
l. (1990) showed that the glyphosate-induced root colonization
y Fusarium spp. and other pathogens was the cause, and not
he result, of plant death following application of certain doses of
lyphosate, and that the efficacy of glyphosate depended on the
ynergistic action of these species and others in the soil. Kawate
t al. (1997) reported that Fusarium populations were greater in
he rhizosphere soil from glyphosate-treated than from untreated
enbit (Lamium amplexicaule L.), and suggested that weed control
ith glyphosate in the spring may provide Fusarium pathogens an

nergy source for survival and proliferation. Glyphosate-treated
uackgrass (Elymus repens [L.] Gould) was also rapidly colonized
y F. culmorum, which subsequently caused damage to the fol-

owing barley crop (Lynch and Penn, 1980). Brown and Sharma
1984) reported that flax plants treated with glyphosate were
apidly colonized by several species of fungi, including F. culmorum.
lyphosate could also act directly on plants by inhibiting their phe-
olic metabolism which could potentially affect plant resistance;
hus, causing them to be more susceptible to pathogenic organisms.
ub-lethal doses of glyphosate induced susceptibility to F. oxyspo-
um f. sp. radicis-lycopersici Jarvis & Shoemaker in two resistant
omato cultivars whose root tissue was invaded by the pathogen
oon after glyphosate treatment (Brammal and Higgins, 1988).

Glyphosate applied to glyphosate-tolerant soybean significantly
ncreased the isolation frequency of the causal agent of sudden
eath syndrome, F. solani (Mort.) Sacc. f. sp. glycines Roy (Sanogo et
l., 2001), and Fusarium populations on roots and in the rhizosphere
f plants (Kremer et al., 2005). Glyphosate applications could cause
ncreased disease levels in soybean through enhanced pathogen
ctivity in the rhizosphere of treated plants caused by glyphosate
r plant metabolites in root exudates (Kremer et al., 2005).

Laboratory studies have also shown stimulatory activity of
lyphosate on Fusarium. Krzysko-Lupicka and Orlik (1997) reported
hat Fusarium spp. grew out of soil suspensions only when these
ere plated on nutrient media in which glyphosate had been used

s the sole source of C or P, but not on nutrient media alone.
Glyphosate was also shown to have a differential effect on fungi,

hus potentially altering the outcome of competition between them
Wardle and Parkinson, 1992). Our studies showed a significant
egative association of previous glyphosate use with C. sativus, sug-
esting changes in populations of the most common root rot fungi
ssociated with the use of this herbicide. The observation of neg-
tive associations of previous glyphosate use with C. sativus under
onventional-till and zero-till management systems suggests that
hanges in population of this pathogen might be due to the herbi-
ide and unrelated to tillage management.

We could not determine if the higher Fusarium levels in sub-
rown internodes associated with previous glyphosate use was due
o effects on fungal inoculum, host susceptibility, or the lower lev-
ls of C. sativus with which the Fusaria might be competing. There
re no previous reports of glyphosate effects on infection of under-
round tissue of wheat or barley by C. sativus. Furthermore, these
tudies could not determine how much of the increased levels of
usarium might be due to other factors, such as microenvironment,

n these systems or other factors associated with tillage frequency.
ncreases in populations of F. avenaceum and F. graminearum might
ause more severe crown and root rot as well as spike infection in
ubsequently grown cereal crops. Because Fusarium infections in
rown/roots would be less affected by environmental conditions
ronomy 31 (2009) 133–143 141

than spike infections, they might maintain high levels of inoculum
in years not conducive to FHB development and thus contribute to
the further spread of this disease in the Canadian Prairies.

These are the first studies showing a significant association of
previous glyphosate application with FHB and underground tissue
infections by C. sativus and Fusarium spp. Based on the observa-
tions made across four years in eastern Saskatchewan, growing
susceptible crops under minimum-till management in fields where
glyphosate has been previously applied, resulted in the most dam-
age from FHB in years conducive to disease development. The
barley study also showed that the greatest FHB levels occurred
in continuous cropping systems than when summerfallow was
included in the rotation (Fernandez et al., 2007d). For CRR, we con-
clude that growing wheat or barley under reduced tillage systems
that include glyphosate applications will likely increase infection
by Fusarium spp. These studies also show that the highest Fusarium
populations occur when noncereal crops are grown in rotation with
wheat or barley (Fernandez et al., 2007a,c).

Thus, current production practices relying on reduced tillage
management and increased glyphosate use, and continuous crop-
ping sequences that include noncereal crops, are potentially
associated with increases in cereal diseases caused by Fusarium spp.
The similar impact of production factors on FHB and CRR points to
the importance of agronomic practices vis-a-vis the environment
in the development of wheat and barley diseases. The observation
that similar crop production factors are associated with common
pathogenic Fusarium spp. in subcrown internodes and spikes or ker-
nels of barley suggests that measures aimed at reducing crown/root
rot caused by Fusarium spp. might also help reduce FHB develop-
ment in cereal crops.

4.1. Recommendations for future research

The FHB and FDK levels observed in our studies varied from
low to high for this region, but on average, disease levels were
lower than those normally found in eastern Canada and the east-
ern Prairies where FHB recently occurred in epidemic proportions.
It is unknown if cereal crops, grown in areas with traditionally
higher FHB levels and where F. graminearum is the predominant
pathogen, are likely to be impacted by the same crop production
factors, including previous glyphosate use.

The nature of these studies also does not permit separation of
the role of tillage intensity from glyphosate use on relative lev-
els of fungal pathogens in cereal spikes and underground tissue.
It is also not possible to completely separate the role of tillage
system/glyphosate use versus cropping sequence on Fusarium pop-
ulations in cereal tissue. Since correlations between the isolation
frequency of fungi in crop residues and tillage operations were
often of opposite sign to correlations between their isolation fre-
quency and number of previous glyphosate applications, it is not
possible to determine which factor(s) played the most important
role in the tillage system effects on fungal colonization of residues.

Determining the relative contribution of tillage, herbicide appli-
cation, and cropping sequence on FHB and CRR development in
wheat and barley should help in understanding the role that each
of these plays in disease levels and the relative frequency of the
various pathogens. It should also help elucidate the mechanisms
responsible for the changes in Fusarium populations under dif-
ferent tillage/input systems. Further research on the associations
observed in these studies is warranted considering the continu-
ing adoption of conservation tillage practices and glyphosate use,

and the increased development of important wheat diseases caused
by Fusarium spp. The increasing importance of noncereal crops
in cereal-based systems in western Canada and other parts of
the world, and the importance of F. avenaceum as a crown/root
pathogen of cereal and noncereal crops and a FHB pathogen of
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ereal crops, indicates that the impact of noncereal crops on dis-
ases caused by Fusarium spp. merits further investigation.

Determining the mechanism(s) responsible for the associations
f previous glyphosate applications with spike and root infections
y two of the most important FHB pathogens, F. graminearum and
. avenaceum, will likely help in the control of these important
rop diseases. This is especially relevant considering that increased
ncorporation of glyphosate-tolerant crops in rotations with cereal
rops increases the use of glyphosate. Further information might
llow for improved recommendations for lowering populations of
usarium pathogens in affected areas, as well as preventing their
urther spread in western Canada.

cknowledgements

This work was conducted with financial support from the
askatchewan Agriculture Development Fund, and Agriculture and
gri-Food Canada. We thank Y. Chen, S. Stolhandske-Dale, M. Boire
nd D. Kern for their technical assistance.

eferences

bramson, D., McCallum, B., Smith, D.M., Tekauz, A., 2002. Moniliformin in barley
inoculated with Fusarium avenaceum. Food Addit. Contam. 19, 765–769.

ltman, J., 1993. Pesticide-pathogen interactions in plant disease. In: Altman, J. (Ed.),
Pesticide Interactions in Crop Production, Beneficial and Deleterious Effects. CRC
Press, Inc., Boca Raton, FL, pp. 315–332.

ailey, K.L., Johnston, A.M., Kutcher, H.R., Gossen, B.D., Morrall, R.A.A., 2000. Manag-
ing crop losses from foliar diseases with fungicides, rotation, and tillage in the
Saskatchewan Parkland. Can. J. Plant Sci. 80, 169–175.

ailey, K.L., Gossen, B.D., Lafond, G.P., Watson, P.R., Derksen, D.A., 2001. Effect
of tillage and crop rotation on root and foliar diseases of wheat and pea in
Saskatchewan from 1991 to 1998: univariate and multivariate analysis. Can.
J. Plant Sci. 81, 789–803.

rammal, R.A., Higgins, V.J., 1988. The effect of glyphosate on resistance of tomato
to Fusarium crown and root rot disease on the formation of host structural
defensive barriers. Can. J. Bot. 66, 1547–1555.

rown, A.E., Sharma, H.S.S., 1984. Production of polysaccharide-degrading enzymes
by saprophytic fungi from glyphosate-treated flax and their involvement in
retting. Ann. Appl. Biol. 105, 65–74.

urgess, L.W., Liddell, C.M., Summerell, B.A., 1988. Laboratory Manual for Fusarium
Research, 2nd ed. University of Sydney, Sydney, Australia.

anadian Grain Commission, 2007. Official Grain Grading Guide.
http://www.grainscanada.gc.ca/pubs/GGG/2007.

lear, R.M., Patrick, S.K., Gaba, D., 2000. Prevalence of fungi and fusariotoxins on
barley seed from western Canada 1995 to 1997. Can. J. Plant Pathol. 22, 44–50.

onner, R.L., Lindwall, C.W., Atkinson, T.G., 1987. Influence of minimum tillage on
severity of common root rot in wheat. Can. J. Plant Pathol. 9, 56–58.

ill-Macky, R., Jones, R.K., 2000. The effect of previous crop residues and tillage on
Fusarium head blight of wheat. Plant Dis. 84, 71–76.

ernandez, M.R., 2007. Fusarium populations in roots of oilseed and pulse crops
grown in eastern Saskatchewan. Can. J. Plant Sci. 87, 945–952.

ernandez, M.R., Basnyat, P., Zentner, R.P., 2007a. Response of wheat root pathogens
to crop management in eastern Saskatchewan. Can. J. Plant Sci. 87, 953–963.

ernandez, M.R., Chen, Y., 2005. Pathogenicity of Fusarium species on different plant
parts of spring wheat under controlled conditions. Plant Dis. 89, 164–169.

ernandez, M.R., Holzgang, G., Celetti, M.J., Hughes, G., 1999. The incidence of
Fusarium head blight in barley, common wheat and durum wheat grown in
Saskatchewan during 1998. Can. Plant Dis. Surv. 79, 79–82.

ernandez, M.R., Huber, D., Basnyat, P., Zentner, R.P., 2008. Impact of agronomic
practices on populations of Fusarium and other fungi in cereal and noncereal
crop residues on the Canadian Prairies. Soil Till. Res. 100, 60–71.

ernandez, M.R., Jefferson, P.G., 2004. Fungal populations in roots and crowns of
common and durum wheat in Saskatchewan. Can. J. Plant Pathol. 26, 325–334.

ernandez, M.R., Pearse, P.G., Holzgang, G., Hughes, G., 2000. Fusarium head blight
in common and durum wheat in Saskatchewan in 1999. Can. Plant Dis. Surv. 80,
57–59.

ernandez, M.R., Pearse, P.G., Holzgang, G., Hughes, G., 2001. Fusarium head blight
in common and durum wheat in Saskatchewan in 2000. Can. Plant Dis. Surv. 81,
83–85.

ernandez, M.R., Pearse, P.G., Holzgang, G., Hughes, G.R., 2002a. Fusarium head blight
in barley in Saskatchewan in 2001. Can. Plant Dis. Surv. 82, 32–33.

ernandez, M.R., Pearse, P.G., Holzgang, G., Hughes, G.R., 2002b. Fusarium head blight

in common and durum wheat in Saskatchewan in 2001. Can. Plant Dis. Surv. 82,
36–38.

ernandez, M.R., Selles, F., Gehl, D., DePauw, R.M., Zentner, R.P., 2003. Identifica-
tion of crop production factors associated with the development of Fusarium
head blight in spring wheat in southeast Saskatchewan. Report to Saskatchewan
Agriculture Development Fund, Project No. 98000306, December 2003.
ronomy 31 (2009) 133–143

Fernandez, M.R., Selles, F., Gehl, D., DePauw, R.M., Zentner, R.P., 2005. Crop produc-
tion factors associated with Fusarium head blight in spring wheat in eastern
Saskatchewan. Crop Sci. 45, 1908–1916.

Fernandez, M.R., Ulrich, D., Sproule, L., Brandt, S.A., Thomas, A.G., Olfert, O., Zentner,
R.P., McConkey, B.G., 2007b. Impact of crop management systems on diseases
of spring wheat on the Canadian Prairies. In: Buck, H.T., Nisi, J.E., Salomon, N.
(Eds.), Wheat Production in Stressed Environments. Proceedings of the 7th Inter-
national Wheat Conference, 27 November–2 December, 2005. Mar del Plata,
Argentina. Developments in Plant Breeding, vol. 12. Springer, The Netherlands,
pp. 265–271.

Fernandez, M.R., Zentner, R.P., 2005. The impact of crop rotation and N fertilizer on
common root rot of spring wheat in the brown soil zone of western Canada. Can.
J. Plant Sci. 85, 569–575.

Fernandez, M.R., Zentner, R.P., DePauw, R.M., Gehl, D., Stevenson, F.C., 2007c.
Impacts of crop production factors on common root rot of barley in eastern
Saskatchewan. Crop Sci. 47, 1585–1595.

Fernandez, M.R., Zentner, R.P., DePauw, R.M., Gehl, D., Stevenson, F.C., 2007d.
Impacts of crop production factors on Fusarium head blight of barley in eastern
Saskatchewan. Crop Sci. 47, 1574–1584.

Gilbert, J., Tekauz, A., 2000. Review: recent developments in research on Fusarium
head blight of wheat in Canada. Can. J. Plant Pathol. 22, 1–8.

Hsia, Y., Christensen, J.J., 1951. Effect of 2, 4-D on seedling blight of wheat caused by
Helminthosporium sativum. Phytopathology 41, 1011–1020.

Isakeit, T., Lockwood, J.L., 1989. Lethal effect of atrazine and other triazine herbicides
on ungerminated conidia of Cochliobolus sativus in soil. Soil Biol. Biochem. 21,
809–817.

Johal, G.S., Rahe, J.E., 1984. Effect of soilborne plant-pathogenic fungi on the herbi-
cidal action of glyphosate on bean seedlings. Phytopathology 74, 950–955.

Kawate, M.K., Colwell, S.G., Ogg Jr., A.G., Kraft, J.M., 1997. Effect of glyphosate-treated
henbit (Lamium amplexicaule) and downy brome (Bromus tectorum) on Fusarium
solani f. sp. pisi and Pythium ultimum. Weed Sci. 45, 739–743.

Krebs, H., Streit, B., Forrer, H.-R., 2000. Effect of tillage and preceding crops on Fusar-
ium infection and deoxynivalenol content of wheat. In: Alfoldi, T., Lockeretz, W.,
Niggli, U. (Eds.), IFOAM 2000 the World Grows Organic: Proceedings, 13th Inter-
national IFOAM Scientific Conference, Convention Center Basel, 28–31 August
2000. IOS, Amsterdam, The Netherlands, p. 13.

Kremer, R.J., Means, N.E., Kim, S.J., 2005. Glyphosate affects soybean root exudation
and rhizosphere microorganisms. Int. J. Environ. Anal. Chem. 85, 1165–1174.

Krzysko-Lupicka, T., Orlik, A., 1997. The use of glyphosate as the sole source of phos-
phorus or carbon for the selection of soil-borne fungal strains capable to degrade
this herbicide. Chemosphere 34, 2601–2605.

Ledingham, R.J., Atkinson, T.G., Horricks, J.S., Mills, J.T., Piening, L.J., Tinline, R.D.,
1973. Wheat losses due to common root rot in the Prairie provinces of Canada
1969–71. Can. Plant Dis. Surv. 53, 113–122.

Levesque, C.A., Rahe, J.E., 1992. Herbicide interactions with fungal root pathogens,
with special reference to glyphosate. Ann. Rev. Phytopathol. 30, 579–602.

Levesque, C.A., Rahe, J.E., Eaves, D.M., 1987. Effects of glyphosate on Fusarium spp.:
its influence on root colonization of weeds, propagule density in the soil, and
crop emergence. Can. J. Microbiol. 33, 354–360.

Lynch, J.M., Penn, D.J., 1980. Damage to cereals caused by decaying weed residues.
J. Sci. Food Agric. 31, 321–324.

Mathieson, J.T., Rush, C.M., Bordovsky, D., Clarke, L.E., Jones, O.R., 1990. Effects of
tillage on common root rot of wheat in Texas, USA. Plant Dis. 74, 1006–1008.

Miller, J.D., Culley, J., Fraser, K., Hubbard, S., Meloche, F., Ouellet, T., Seaman, W.L.,
Seifert, K.A., Turkington, K., Voldeng, H., 1998. Effect of tillage practice on Fusar-
ium head blight of wheat. Can. J. Plant Pathol. 20, 95–103.

Pearse, P.G., Holzgang, G., Harris, C.L., Fernandez, M.R., 2003. Fusarium head blight
in barley in Saskatchewan in 2002. Can. Plant Dis. Surv. 83, 48–49.

Pearse, P.G., Holzgang, G., Weitzel, C.N., Fernandez, M.R., 2007a. Fusarium head
blight in barley and oat in Saskatchewan in 2006. Can. Plant Dis. Surv. 87, 61–62.

Pearse, P.G., Holzgang, G., Weitzel, C.N., Fernandez, M.R., 2007b. Fusarium head
blight in common and durum wheat in Saskatchewan in 2006, with comments
on irrigated corn. Can. Plant Dis. Surv. 87, 92–93.

Rahe, J.E., Levesque, C.A., Johal, G.S., 1990. Synergistic role of soil fungi in the her-
bicidal 7 efficacy of glyphosate. In: Hoagland, R.E. (Ed.), Biological weed control
using microbes and 8 microbial products as herbicides. Symposium, 9–14 April,
1989. American Chemical 9 Society, Washington, D.C., pp. 260–275.

Rioux, S., Pageau, D., Lajeunesse, J., Lafond, J., Savard, M.E., 2005. Previous crop
residues and Fusarium head blight on cereals. In: Proceedings of the 4th Cana-
dian workshop on Fusarium head blight, 1–3 November, 2005, Ottawa, ON.

Samson, R.A., Hoekstra, E.S., Frisvad, J.C., Filtenborg, O., 2002. Introduction to Food-
and Air-Borne Fungi, 6th ed. Centraalbureau voor Schimmelcultures, Utrecht.

Sanogo, S., Yang, X.B., Lundeen, P., 2001. Field response of glyphosate-tolerant soy-
bean to herbicides and sudden death syndrome. Plant Dis. 85, 773–779.

Saskatchewan Agriculture, Food and Rural Revitalization, 2005. Saskatchewan
Varieties of Grain Crops 2005. Saskatchewan Agriculture, Food and Rural Revi-
talization, Regina, SK.

Schaafsma, A.W., Tamburic-Ilinic, L., Miller, J.D., Hooker, D.C., 2001. Agronomic con-
siderations for reducing deoxynivalenol in wheat grain. Can. J. Plant Pathol. 23,
279–285.
Teich, A.H., Hamilton, J.R., 1985. Effect of cultural practices, soil phosphorus, potas-
sium, and pH on the incidence of Fusarium head blight and deoxynivalenol levels
in wheat. Appl. Environ. Microbiol. 49, 1429–1431.

Teich, A.H., Nelson, K., 1984. Survey of Fusarium head blight and possible effects
of cultural practices in wheat fields in Lambton County in 1983. Can. Plant Dis.
Surv. 64, 11–13.

http://www.grainscanada.gc.ca/pubs/GGG/2007


. J. Ag

T

T

T

W

W

W

M.R. Fernandez et al. / Europ

inline, R.D., Hunter, J.H., 1982. Herbicides and common root rot of wheat in
Saskatchewan. Can. J. Plant Pathol. 4, 341–348.

inline, R.D., Spurr, D.T., 1991. Agronomic practices and common root rot in spring
wheat: effect of tillage on disease and inoculum density of Cochliobolus sativus
in soil. Can. J. Plant Pathol. 13, 258–266.

urkington, T.K., Clear, R.M., Burnett, P.A., Patrick, S.K., Orr, D.D., Xi, K., 2002. Fungal
plant pathogens infecting barley and wheat seed from Alberta 1995–1997. Can.
J. Plant Pathol. 24, 302–308.

ardle, D.A., Parkinson, D., 1992. The influence of the herbicide glyphosate on inter-

specific interactions between four soil fungal species. Mycol. Res. 96, 180–186.

atanabe, T., 2002. Pictorial Atlas of Soil And Seed Fungi. Morphologies of Cultured
Fungi and Key to Species, 2nd ed. CRC Press, Boca Raton, FL.

eber, R., Hrynczuk, B., Runowska-Hrynczuk, B., Kita, W., 2001. Influence of the
mode of tillage on diseases of culm base in some winter wheat varieties, oats
and spring wheat. J. Phytopathol. 149, 185–188.
ronomy 31 (2009) 133–143 143

Windels, C.E., Wiersma, J.V., 1992. Incidence of Bipolaris and Fusarium on subcrown
internodes of spring barley and wheat grown in continuous conservation tillage.
Phytopathology 82, 699–705.

Yi, C., Kaul, H.P., Kubler, E., Schwadorf, K., Aufhammer, W., 2001. Head blight (Fusar-
ium graminearum) and deoxynivalenol concentration in winter wheat as affected
by pre-crop, soil tillage and nitrogen fertilization. Z. Pflanzenkr. Pflanzensch.
108, 217–230.

Yi, C., Kaul, H.P., Kubler, E., Aufhammer, W., 2002. Populations of Fusarium gramin-
earum on crop residues as affected by incorporation depth, nitrogen and

fungicide application. Z. Pflanzenkr. Pflanzensch. 109, 252–263.

Zadoks, J.C., Chang, T.T., Konzak, C.F., 1974. A decimal code for the growth stages of
cereals. Weed Res. 14, 415–421.

Zentner, R.P., Wall, D.D., Smith, D.G., Young, D.L., Miller, P.R., Campbell, C.A., Lafond,
G.P., Brandt, S.A., Johnston, A.M., 2002. Economics of crop diversification oppor-
tunities for the northern Great Plains. Agron. J. 94, 216–230.


	Glyphosate associations with cereal diseases caused by Fusarium spp. in the Canadian Prairies
	Introduction
	Materials and methods
	Results
	Fusarium head blight
	Common root rot
	Crop residues

	Discussion
	Recommendations for future research

	Acknowledgements
	References


