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Fig. 1. Phylogenetic tree of the ITS5-ITS4 rDNA regions of isolates from the initial isolate collection and Gasumannomyces hyphopodioides isolates
from the two experimental field trials, along with sequences obtained from the NCBI database of species within Magnaporthaceae. The genetic distance
model of Tamura and Nei was used and a tree build method of Neighbor-Joining was performed with 100 bootstraps. A 75% support threshold was

used.

The overall level of G. hyphopodioides inoculum, measured
by the percentage of root colonization of Hereward, dif-
fered across the two years. The field trial grand mean in 2016
(7.55%) was almost double the grand mean in 2015 (3.82%)
(Supplementary Table S5). Correlation between the two years
was low (r,= —0.04, P=0.798), with many cultivars showing
contrasting results; for example, Hereward seedlings sown
after Gallant had 5% of roots colonized in the soil core bio-
assay in the 2015 field trial and 17% of roots colonized in
the 2016 field trial. However, there was a subset of cultivars

which were consistently low in supporting G. hyphopodioides
inoculum in both years (e.g. Alchemy and Dickens), as well
as cultivars consistently supporting higher levels of inocu-
lum in the two trial years (Zulu, KWS Croft, KWS Kielder,
and KWS Sterling) (Supplementary Table S5). When data
were pooled from both years in a combined REML variance
components analysis, there was an overall significant effect
of cultivar, revealing that Alchemy was the lowest supporter
of G. hyphopodioides inoculum, whereas KWS Kielder sup-
ported the highest levels of G. hyphopodioides inoculum, 18%
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Fig. 2. Gaeumannomyces hyphopodioides-colonized wheat (cultivar Hereward, isolate P.10.13) seedling root (a). The white arrow indicates the
colonization phenotype of large, single subepidermal vesicles, magnification x67. Unnamed Magnaporthaceae sp.-colonized wheat (cultivar Hereward,
isolate S.09.13) seedling root (b). White arrows indicate the colonization phenotype of small and clustered subepidermal vesicles magnification x92.3.

higher than for Alchemy (Fig. 3). Eleven cultivars supported
higher levels of G. hyphopodioides inoculum than the control
cultivar of Hereward (Fig. 3).

The fourth aim of this study was to establish whether there
was any interaction between second wheat cultivar choice,
used as the baiting cultivar in the soil core bioassay, and their
subsequent level of root colonization by G. hyphopodioides.
To address this, half of the soil cores were baited back on
themselves with the same cultivar grown in the field trial and
compared with the cores previously baited with the highly
take-all-susceptible cultivar Hereward. Most winter wheat

cultivars were found to be poorly colonized by G. hyphopo-
dioides when baited with the same field plot cultivar (25/40
cultivars) in both experiments (<5% of roots infected; Fig. 4).
However, a subset of cultivars, including cultivars Einstein,
Solstice, JB Diego, KWS Kielder, Scout, and Cordiale, con-
sistently had higher levels (>10% of roots) of G hyphopodi-
oides root colonization in both years (Fig. 4; Supplementary
Table S5). A strong correlation (r,=0.765, P<0.001) between
the two years in the level of root colonization by G. hyphopo-
dioides was found, in contrast to the low correlation found
when baited with Hereward in aim three.
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Table 2. Ability of Gaeumannomyces hyphopodioides and Magnaporthaceae sp. to colonize cereal roots in a potato dextrose agar
(PDA) inoculated seedling pot bioassay in soil

Fungal species

Cereal genotype and cultivar

means)

Logit percentage of colonized roots (back-transformed

First pot bioassay

Second pot bioassay

Gaeumannomyces hyphopodioides

Unnamed Magnaporthaceae species

QOats, Gerald

Rye, Carotop

Triticale, Trilogie

T. aestivum, Hereward

T. aestivum, Hereward -2
T. aestivum, Paragon

T. aestivum, Watkins 1190777

T. monococcum, MDR0O37
T. monococcum, MDR046
Qats, Gerald

Rye, Carotop

Triticale, Trilogie

T. aestivum, Hereward

T. aestivum, Hereward -#
T. aestivum, Paragon

T. aestivum, Watkins 1190777

T. monococcum, MDRO37
T. monococcum, MDR046
df

SED (logit scale)

F probability

-4.05
-0.88
-0.26
-0.41
-2.12
-0.83
-0.37
-0.68
-0.23
-2.72
-2.99
-0.01
0.08
-1.85
-0.65
0.09
0.33
-0.15
8
0.455
<0.001

(1.29)

(29.17)
(43.56)
(39.82)
(10.29)
(30.14)
(40.75)
(33.42)
(44.15)
(5.75)

(4.33)

49.76)
(50.69)
(13.22)
(34.16)
(52.34)
(58.32)
(46.35)

-3.68
-1.11
-1.42
-0.37
-56.30
-1.03
-0.10
-0.07
-0.69
-2.40
-2.63
-0.06
0.41
-4.37
0.24
0.29
0.67
0.13
8
0.481
0.005

(1.99)

(24.48)
(19.22)
(40.79)
)]
(26.68)
(48.13)
(33.30)
(26.05)
(7.89)

6.27)

(48.61)
(60.11)

(0.76)

(57.35)
(66.20)
(53.28)
(56.13)

@ Hereward - =Hereward negative control with non-colonized PDA. Microscopic analysis revealed very small clustered subepidermal vesicles and
the species is thought to be either the unnamed Magnaporthaceae sp. or Slopeiomyces cylindrosporus (NCBI Taxonomy ID: 1577607) (Klaubauf
et al., 2014); unfortunately this isolate was not recovered.
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Fig. 3. Percentage of roots colonized with Gaeumannomyces hyphopodioides (back-transformed means of the logits) when baited with the winter wheat
2 probability <0.001, SED (logit scale)=0.171, Wald

cultivar Hereward in the soil core bioassay. Combined analysis of data pooled across the two years (

statistic=637.76). See Supplementary Table S5 for data on logit scale.

A significant interaction was found for the second wheat

cultivar choice across the 40 cultivars (2015, P<0.001; 2016,

P<0.001), with a trend for a higher percentage of roots

colonized with G. hyphopodioides when baited with Hereward
for most elite winter wheat cultivars (17 cultivars had >10%
of roots colonized with Hereward across one or both field
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trials), with only eight cultivars giving a higher percentage
of colonized roots when baited with the field plot compared
with when baited with Hereward (Supplementary Table S5).
The 25 winter wheat cultivars that were found to support low
colonization of G. hyphopodioides when the second wheat cul-
tivar was the field plot cultivar were found to support higher
levels of root colonization when the second wheat cultivar was
Hereward, except for Alchemy (Supplementary Table SS5).
Inconsistencies in the level of root colonization between

16

the two baiting methods is highly evident for cultivars Zulu,
Leeds, and KWS Croft (Supplementary Table S5). In con-
trast, there were no cultivars that had a very low percentage
of root colonization by G. hyphopodioides (<5%) when baited
with Hereward in the soil core bioassay, as well as having a
moderate percentage of roots colonized when baited with the
field plot cultivar (Fig. 4). A pooled cross-season REML vari-
ance components analysis across the 40 cultivars revealed that
nine cultivars supported medium levels of G hyphopodioides
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Fig. 4. Correlation between percentage of roots colonized with Gaeumannomyces hyphopodioides (back-transformed means of the logits) when baited
with the field plot cultivar or Hereward in the soil core bioassay in 2015 (a) [P<0.001, SED (logit scale)=0.231, F-statistic=5.58] and 2016 (b) [P<0.001,
SED (logit scale)=0.194, F-statistic=13.50]. Be, Beluga; Cc, Cocoon; Cf, KWS Croft; Cg, Cougar; Ch, Chilton; Cl, Claire; Cn, Conqueror; Cr, Crusoe; De,
Delphi; Di, Dickens; Dn, Denman; Ev, Evolution; Ho, Horatio; In, Invicta; Le, Leeds; Mo, Monterey; My, Myriad; Re, Revelation; Sa, KWS Santiago; St, KWS
Sterling; Ta, KWS Target; Tu, Tuxedo and Vi, Viscount. Very low root colonization, <5%; low root colonization, 5-10%, medium root colonization, >10%.
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root colonization (>10% of roots colonized), regardless of
second wheat cultivar choice (Supplementary Table S6).
Although the field trial site has natural underlying popula-
tions of G hyphopodioides, the soil core bioassay plants were
also assessed for any visible take-all infection. As expected,
there was a negligible amount of take-all across the field site
for both field trial years, with <2.1% of roots infected with
take-all across all cultivars (Supplementary Tables S7, S8).
The plot yields were taken from both experimental field tri-
als and there were significant effects of cultivar on plot yields
for both field trial years (2015, P<0.001; 2016, P<0.001)
(Supplementary Table S9). No correlation was found between
the plot yields and the percentage of roots colonized with
G. hyphopodioides when baited with Hereward, in the soil core
bioassay, for the 2015 field trial (r,=0.102, P=0.133, n=40),
but a weak negative correlation was found for the 2016 field
trial (r;= —0.228, P=0.039, n=40). No correlations were found
between the plot yields and the percentage of roots colonized
with G hyphopodioides when baited with the field plot culti-
var, in the soil core bioassay, for either field trial year (2015,
rs=-0.100, P=0.134, n=40; 2016, r,= —0.099, P=0.136, n=40).

Discussion

In this study, a new UK arable soil-derived collection of
G. hyphopodioides and Magnaporthaceae sp. isolates was
obtained over three cropping seasons and characterized with
existing information from the recent taxonomical reclassifica-
tion of the Magnaporthaceae family by Hernandez-Restrepo
et al. (2016). A seedling pot bioassay with artificial inoculum
addition then revealed that there were differences in the sus-
ceptibility of five cereal species at the seedling stage to the
two fungal species. The winter wheat cultivar Hereward was
found to be highly susceptible in the artificial pot bioassay
to both fungal species, and was subsequently chosen to be
used as the baiting cultivar in the seedling soil core bioassay
to test the difference between cultivars in their ability to sup-
port G. hyphopodioides inoculum under field trial conditions.
There was some evidence of a difference between cultivars
in their ability to support G. hyphopodioides inoculum under
the first wheat crop (gauged using Hereward as the baiting
cultivar), although this was not very consistent across the two
trial years, indicating a strong genotypexenvironment com-
ponent. In contrast, there were more consistent differences
between cultivars in the ability of G. hyphopodioides to colo-
nize seedlings in the soil core bioassay, when baited with the
field plot cultivar. We discovered that by changing the hexa-
ploid wheat cultivar used as the bait in the soil core bioassay,
the level of G hyphopodioides root colonization was often
altered. Collectively, these new results provide valuable infor-
mation on how beneficial soil-dwelling fungi can be encour-
aged to proliferate in arable soils to benefit wheat root health
and hence grain production.

The first aim of the study was to gather an isolate collec-
tion from arable fields on an experimental farm in south-
east England. There was a higher recovery of isolates of
the G. hyphopodioides species compared with the unnamed
Magnaporthaceae sp. The two species were only recovered

together from one field, whereas in two other fields only
G. hyphopodioides was recovered. No isolates were recov-
ered from the fourth sampled field (Great Knott III) where
beneficial Magnaporthaceae sp. had previously been visually
identified ~8 years previously (VM, personal communica-
tion). No isolates of Slopeiomyces cylindrosporus (Klaubauf
et al., 2014) (anamorph: Phialophora graminicola; Walker,
1980), previously isolated and studied in Rothamsted field
trials (Ward and Gray, 1992; Bryan et al., 1995), were iso-
lated. Collectively these results indicate that the populations
of these soil-dwelling beneficial fungal species are not static.

The 47 G. hyphopodioides isolates gathered from the vari-
ous sites/trials across the Rothamsted Farm were found to be
highly conserved across the ITS region. This isolate collection
is an important resource for future studies. Experiments are
already underway to sequence and fully assemble the genomes
of different Magnaporthaceae species within the collection,
and comparative studies with G tritici should permit an
improved understanding of the key differences between these
closely related soil-dwelling beneficial and pathogenic species.
The isolate collection could also be used to design a species-
specific diagnostic assay to allow the identification of the dif-
ferent beneficial fungi present in arable fields.

The isolate collection was further used in the current study
to establish a seedling pot bioassay under controlled environ-
mental conditions, with the aim of exploring the root coloni-
zation of different cereal species by non-pathogenic soil-borne
Magnaporthaceae species. Triticale had a high level of coloni-
zation for both fungi, whereas triticale is moderately resistant
to the take-all fungus (McMillan et al., 2014). The remain-
ing cereal genotypes, including the ancestral wheat relative
T. monococcum (A™ genome), the hexaploid wheat landrace
Watkins 1190777, and the semi-modern elite spring and win-
ter wheat genotypes appeared to be equivalent in their level
of fungal colonization at the seedling stage. This result sug-
gests that fungal colonization by beneficial Gaeumannomyces
species has not been significantly altered by intensive wheat
breeding activities. Rye had a low level of root colonization by
the unnamed Magnaporthaceae sp., suggesting that rye could
be activating a similar defence mechanism against the fun-
gus to that observed with take-all (Rothrock 1988). The naive
soil used to establish all the pot bioassays was not sterilized,
which explains why very low levels of visible subepidermal
vesicles could be found on the roots of the non-inoculated
Hereward control roots.

The third aim of this study was to investigate whether there
were any differences in the ability of current commercial UK
winter wheat cultivars to support natural populations of
G. hyphopodioides in the field in a first wheat situation. The
two years of Hereward baiting data revealed that there were
differences in the ability of the elite wheat cultivars to sup-
port G. hyphopodioides inoculum under a first wheat crop.
However, there were inconsistencies in the level of root col-
onization for cultivars between the two years, highlight-
ing a genotypeXenvironment interaction. The higher level
of G hyphopodioides root colonization in the 2016 field
trial suggests that the 2015-2016 season was more environ-
mentally conducive to supporting natural populations of
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G. hyphopodioides. Weather conditions in 2015 consisted of
a wet spring and summer compared with a drier spring and
summer in 2016 (Supplementary Table S10). This contrasts
with take-all disease which is generally favoured by warmer
winters and wet springs/summers. Alternatively, differences
in field site location may account for differences in levels of
G. hyphopodioides inoculum between the two years.

The wheat genotype-G  hyphopodioides interaction
detected in aim three of this study complements an earlier
study that had identified consistent differences in the ability
of wheat cultivars to build up take-all (G tritici) inoculum
under a first wheat crop, named the take-all inoculum build-
up (TAB) trait (McMillan et al., 2011). However, there was
no clear correspondence between the previously described
TAB phenotypes of Cadenza and Hereward, low and high
TAB, respectively, and their ability to support populations of
G. hyphopodioides in this study (11.9% and 14.7% of roots
colonized with G. hyphopodioides when baited with Hereward
in the soil core bioassay; Supplementary Table S6)

Finally, the fourth aim was to establish whether there was
any interaction between second wheat cultivar choice and
level of root colonization by G. hyphopodioides. The major-
ity of cultivars were found to support low levels of root
colonization when the field plot cultivar represented the
subsequent second wheat, rather than Hereward. However,
significant interactions were also evident. Nine cultivars
across the two years consistently exhibited the ability to sup-
port medium levels of G hyphopodioides root colonization,
independent of second wheat choice. For example, the elite
cultivars Scout and KWS Kielder showed the highest level
of G hyphopodioides root colonization, regardless of the
second wheat cultivar choice. On the one hand, the cultivar
Alchemy consistently had the lowest level of G hyphopodi-
oides root colonization across the two second wheat cultivar
choices, while on the other hand cultivars Zulu, Leeds, and
KWS Croft indicated contrasting results from the two bait-
ing methods.

Collectively, these data provide the first evidence for com-
plex host genotype—G. hyphopodioides interactions occurring
under both arable field conditions and in the 5 week seed-
ling pot bioassay. The seedling pot bioassay screened a wide
variety of cereal germplasm and cultivars, both modern
and historical, yet there was little difference in the ability of
G. hyphopodioides to colonize the roots of this diverse wheat
germplasm under artificial conditions. The soil core bioassay
from the experimental field trials screened less diverse mod-
ern wheat cultivars and revealed statistically significant dif-
ferences in the ability of these cultivars to be colonized and
also to support natural populations of G. hyphopodioides in
the soil. These data suggest that wheat plants at the seedling
stage may differ in their interaction with G hyphopodioides
during root colonization compared with adult plants in the
field. The significantly different results obtained using the two
baiting methods supports the suggestion that the presence of
fungal inoculum (measured using Hereward as the baiting
cultivar) is a trait independent of seedling root colonization.
It is highly likely that the two phenomena are controlled by

different mechanisms and may involve interactions with other
soil-dwelling microbes and/or root exudates.

High extrapolated yield data were calculated for both field
experiments (2015 range, 17.83-25.57 t ha™'; 2016 range,
12.68-22.93 t ha!; Supplementary Table S9). There appears
to be no strong evidence of a detrimental effect of G hypho-
podioides colonization on the yield of the plots. This com-
plements field trials conducted in Australia investigating the
cross-protection of G. hyphopodioides against take-all disease
(Wong et al., 1996).

One G. hyphopodioides isolate has been patented for take-
all control in Australia (Wong et al., 1996). No commercial
use has been documented, and pelleting wheat seeds with
G. hyphopodioides is not currently utilized as a method of
biological control against take-all disease. The percentage of
UK fields that contain this beneficial organism is unknown.
However, this soil-borne species has been documented world-
wide, including the USA, Australia, Poland, and Germany,
and was identified in three of the four suppressive field sites
on the arable farm used for this study. The ability of elite win-
ter wheat cultivars to support and be colonized by natural
populations of G. hyphopodioides under a first wheat crop
suggests important host genotype—fungus interactions which,
if harnessed, could potentially provide an additional manage-
ment strategy, not only in the UK, to help combat take-all
root disease in second wheats.

From a wheat breeding perspective, there does not appear
to be any interaction between G hyphopodioides root coloniza-
tion and the National Association of British and Irish Flour
Millers (nabim) groupings or pedigrees of the elite wheat cul-
tivars. For example, the Robigus pedigree is found in several
cultivars within the AHDB 2013/2014 RL and lines from the
2014/2015 RL winter wheat cultivars, yet there appear to be
no similarities across these cultivars in their level of G. hypho-
podioides root colonization with either of the second wheat
cultivar choices. This suggests that the trait is not under simple
genetic control and could also be influenced by environmen-
tal factors such as soil type and soil moisture, and biological
factors such as the overall make-up of the rhizosphere/soil
microbiome. However, consistent differences across the two
field seasons were observed for a subset of nine cultivars, sug-
gesting that suitable mapping populations could be generated
to investigate the genetic basis of these interactions.

In summary, this is the first report of two robust field trial
data sets that have revealed that UK elite winter wheat cul-
tivars differ in their ability to support and be colonized by
natural populations of the take-all root disease-suppressing
fungus, G. hyphopodioides, under a first wheat crop. Although
there were some clear inconsistencies between field seasons,
this dual data set reveals that a subset of nine elite UK win-
ter wheat cultivars consistently supported fungal inoculum
and seedling root colonization by G- hyphopodioides. These
cultivars have the potential to be used to encourage popula-
tions of introduced or resident beneficial fungi for the control
of take-all disease in short wheat rotations. Further research
is now required to explore the genetic and mechanistic basis
of this interaction and the influence of environmental and
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genetic factors on soil population establishment, root colon-
1zation, and take-all control.

Supplementary data

Supplementary data are available at JXB online.

Fig. SI1. Previous field trial sites on the Rothamsted
Farm that have shown suppression of take-all disease in
experiments.

Table S1. Soil core sampling details for establishing the iso-
late collection.

Table S2. Experimental field trial details to evaluate
the ability of elite UK winter wheat cultivars to support
Gaeumannomyces hyphopodioides inoculum under a first
wheat crop across the two field seasons.

Table S3. Details of fertilizer, pesticide, and growth regula-
tor applications to the two experimental field trials.

Table S4. GenBank accession numbers for sequences used
in the phylogenetic analysis.

Table S5. Percentage of roots colonized with
Gaeumannomyces hyphopodioides in the soil core bioassay for
the two field trials in 2015 and 2016.

Table S6. Combined REML variance components analysis
of mean percentage of roots colonized with Gaeumannomyces
hyphopodioides in the soil core bioassay for the two field trials
in 2015 and 2016.

Table S7. Percentage of roots infected with take-all
(Gaeumannomyces tritici) in the soil core bioassay for the two
field trials in 2015 and 2016.

Table S§. Combined REML variance components anal-
ysis of mean percentage of roots infected with take-all
(Gaeumannomyces tritici) in the soil core bioassay for the two
field trials 2015 and 2016.

Table S9. Grain yield for elite wheat cultivars for each exper-
imental field trial and mean grain yields across two field trials
analysed by a combined REML variance components analysis.

Table S10. Monthly rainfall (mm) and maximum daily
temperature (°C) for the months of May—August during the
two field trial seasons of 2015 and 2016.
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