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Recurring life cycle stages 
influenced by genetic and 
environmental interaction 
(flowering time and 
heading)

Phenology

Picture provided by Andrew Friskop, NDSU



Phenology

Important because barley 
florets are the site of 
Fusarium infection



Barley flowering/anthesis –vs- heading

Alqudah and Schnurbusch, 2017, Frontiers in Plant Science

Heading date is not Flowering time in Spring Barley
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Fungicide application in spring barley

Heading +3-5 days application was the most efficacious in spring barley 

2014 & 15 – Barley IM Trials – LREC and FAR
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2015 –Brueggeman, Chapara and Friskop, USWBSI

These IPM studies have been conducted with Prosaro, Caramba, Miravic Ace
and Adepidyn



Managing Scab in winter barley with 
resistance and Fungicides

Cowger, poster #3, 2019

Comparison of Miravic Ace, Prosaro and Caramba,\ for management 
of DON in Winter Barley 
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Timing of 
fungicide 

application is 
similar in both 

spring and 
winter barley

~ 6 day window

Picture provided by Andrew Friskop, NDSU



Variability of heading stages in the field

Feekes 10.5 +3 d 10 10.5

Even more variability in winter barley

Picture provided by Andrew Friskop, NDSU



More variability in 
winter barley
A consideration is cleistogomy vs 
chasmogomy

Cleistogamy also provides a 
means of escape from fusarium 
head blight infection

Environment influences appear to 
influence winter barley 
cleistogamy which may also have 
a negative effect on head blight 
infection

Nair et al., 2010, PNAS



Barley head/floret morphology

Barley head morphology 
differences result in distinct 
infection processes and disease 
progression

The florets and their 
morphological characteristics are 
determinant of pathogen 
infection and  colonization 
processes

2-row 6-row



Floret infection in wheat lacking Type II 
resistance spread through the rachis

Jansen et al., 2005, PNAS

wheat barley



Investigation of head morphology traits that 
influence infection processes 

Imboden et al., 2018, MPP

2-row 6-row

Domed trichomes and cork 
cells

Prickle-lke trichomes and 
cork cells



Trichome morphology influences infection 
processes 

Imboden et al., 2018, MPP
Detached floret



Head/floret maturity influenced 
disease spread

Imboden et al., 2018, MPP

“Infections of more mature florets supported the spread of hyphae into the 
vascular bundles, whereas younger florets did not show this spread” 

Pre-lemma/palea fusion Post lemae/palea fusionVascular bundles

Perithecia



Conclusions on implications of 
understanding the effects that barley 
phenology and head morphology have on 
FHB management

Timing of fungicide application to protect the entire head 
across the field

Increase genetic resistance mechanisms
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Recurring life cycle stages influenced by genetic and environmental interaction (flowering time and heading)

Phenology



Picture provided by Andrew Friskop, NDSU







Phenology

Important because barley florets are the site of Fusarium infection







Barley flowering/anthesis –vs- heading



Alqudah and Schnurbusch, 2017, Frontiers in Plant Science

Heading date is not Flowering time in Spring Barley
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Barley heading stages

Picture provided by Andrew Friskop, NDSU





Fungicide application in spring barley

Heading +3-5 days application was the most efficacious in spring barley 

2014 & 15 – Barley IM Trials – LREC and FAR

2015 –Brueggeman, Chapara and Friskop, USWBSI



These IPM studies have been conducted with Prosaro, Caramba, Miravic Ace

and Adepidyn





Non-treated	[VALUE] a
[VALUE] a

Quest	Tradition	2.2000000000000002	2.8	Prosaro @ Fks. 10.5	[VALUE] a
[VALUE] a

Quest	Tradition	1.7	2.6	Prosaro @ Fks. 10.5 + 4-5 days	[VALUE] b
[VALUE] b

Quest	Tradition	0.9	1.4	Variety


DON Level (ppm)




Managing Scab in winter barley with resistance and Fungicides



Cowger, poster #3, 2019



Comparison of Miravic Ace, Prosaro and Caramba,\ for management of DON in Winter Barley 
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Timing of fungicide application is similar in both spring and winter barley

~ 6 day window

Picture provided by Andrew Friskop, NDSU







Variability of heading stages in the field
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Even more variability in winter barley



Picture provided by Andrew Friskop, NDSU





More variability in winter barley

A consideration is cleistogomy vs chasmogomy

Cleistogamy also provides a means of escape from fusarium head blight infection



Environment influences appear to influence winter barley cleistogamy which may also have a negative effect on head blight infection

Nair et al., 2010, PNAS
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Barley head/floret morphology

Barley head morphology differences result in distinct infection processes and disease progression



The florets and their morphological characteristics are determinant of pathogen infection and  colonization processes







2-row

6-row







Floret infection in wheat lacking Type II resistance spread through the rachis



Jansen et al., 2005, PNAS

wheat

barley





Investigation of head morphology traits that influence infection processes 

Imboden et al., 2018, MPP
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6-row









Domed trichomes and cork cells





Prickle-lke trichomes and cork cells
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Trichome morphology influences infection processes 







Imboden et al., 2018, MPP



Detached floret
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Head/floret maturity influenced disease spread

Imboden et al., 2018, MPP



“Infections of more mature florets supported the spread of hyphae into the vascular bundles, whereas younger florets did not show this spread” 



Pre-lemma/palea fusion

Post lemae/palea fusion

Vascular bundles

Perithecia





Conclusions on implications of understanding the effects that barley phenology and head morphology have on FHB management



Timing of fungicide application to protect the entire head across the field

     

Increase genetic resistance mechanisms
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Infected florets may be empty, or have 
shriveled discolored kernels




Residue of corn, barley, wheat 
serve as primary sources of




 inoculum




perithecium




Ascospore discharge




harvest




pathogen and mycotoxins
present in grain




that can increase during malting
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Alqudah and Schnurbusch Heading Date of Spring Barley




the awn tipping stage (i.e., ∼Z49). In winter barley, anthesis or
fertilizationmostly occurs after Z49. The late-reproductive phase,
which includes the period from awn primordium to awn tipping
Z49, is the longest developmental sub-phase in terms of the
period that has a decisive impact on architectural traits, such as
spikelet survival and final grain yield (Alqudah and Schnurbusch,
2014; Alqudah et al., 2014). Ultimately, the grain-filling phase
starts soon after anthesis or fertilization with the onset of dry-
matter accumulation for the developing grains and ends at the
maturity stage. Hence, each of the developmental phase has a
particular role in barley growth, development, and yield.




WHAT IS THE MAIN SIGN OF HEADING
STAGE IN BARLEY?




An important question in heading date research is which
developmental sign can be visualized for scoring it? And
is there a chance to be confused with other developmental
stages? According to the Zadoks scale (Zadoks et al., 1974);
the most extensively used (more than 4,400 citations, Web
of ScienceTM) and accurate scale in temperate cereals (wheat
and barley); heading stage is the appearance/emergence of
the spike out of the flag leaf sheath [i.e., Z50–Z59 = first
spikelet of inflorescence just visible to emergence of complete
inflorescence, Figure 1B (half of spike emerged)]. Heading
stage is commonly confused with the first awns appearance
stage [awn tipping; Z49 which belongs to the booting phase
(Z40–49), Figure 1A]. Note: Awn tipping can only be applied
in awned cultivars; whereas in the awnless cultivars heading
can only be scored at heading (Z50–Z59). Awn tipping
(Z49) is the actual “flowering time” stage of spring barley
because anthesis/fertilization happens around this stage. Most
importantly, heading stage (i.e., Z50–59) does not mean
“flowering time” in spring barley; likewise, it is not anther




FIGURE 1 | Different barley developmental stages according to the Zadoks scale. (A) At around Awn Tipping (i.e., –Z49) most barley plants (spring barley) pass




through anthesis, while the spike is still enclosed in the flag leaf sheath. This is the actual “flowering time” stage of spring barley because fertilization happens now.




(B) Spike heading (Z55; half of spike emerged) and, (C) anther extrusion (Z65) occur later and usually do not coincide with the fertilization events.




extrusion (i.e., Z60–69, Figure 1C; Zadoks et al., 1974) that
usually occurs after heading and does not coincide with the
fertilization events. Both previous stages are much later than
the actual “flowering time,” i.e., anthesis/fertilization at ∼Z49.
Therefore, description on the sign and usage of the term “heading
time” becomes an important point to be clarified for further
studies. In the past there is a mix between these developmental
stages; for instance, awn appearance (Z49) was used as a proxy
for heading date (Igartua et al., 1999; Cuesta-Marcos et al.,
2007; Casao et al., 2011; Digel et al., 2015; Maurer et al.,
2015). Alqudah et al. (2014), however, demonstrated that these
stages are morphologically/developmentally different and are
partially under different genetic control. This finding strongly
indicated that it is not plausible to use flowering/anther extrusion
or awn tipping stages to assign the heading stage in spring
barley.




Notably, the Zadoks scale fits very well in the case of wheat,
where anthesis/fertilization occurs after the heading phase Z50–
59 and coincides with the onset of anther extrusion, i.e., Z60–69
(Zadoks et al., 1974).




HOW CAN SCIENTISTS QUANTIFY THE
HEADING DATE?




The heading date is influenced by environmental conditions,
and it is generally presented as required number of days
to reach that stage. Environmental cues, however, do have a
significant influence on growth and development, particularly
temperature, where thermal time (growing degree-days GDD
[◦C∗d]) is the most accurate and widely accepted way to
present the actual required time to reach that stage (Slafer
et al., 2003; Borras-Gelonch et al., 2010; Alqudah et al.,
2014). GDD is an approach to calculate the temperature
sums over time that can be used to assign and describe




Frontiers in Plant Science | www.frontiersin.org 2 May 2017 | Volume 8 | Article 896
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Managing Scab in Winter Barley with Resistance and Fungicides
Christina Cowger, USDA-ARS, Department of Entomology & Plant Pathology, North Carolina State University, Raleigh, NC, Christina.Cowger@ars.usda.gov




MATERIALS & METHODS
The experiment had a split-plot 
design with 4 replicate blocks.  Each 
sub-plot consisted of four adjacent  8-
foot rows.  




Winter barley cultivation is increasing throughout the 
eastern U.S. due to the expansion of craft brewing 
and distilling.  In malting barley, tolerance for scab –
caused by Fusarium graminearum and related fungi --
is extremely low.  Infected spikelets are bleached, 
discolored and shriveled. They contain the mycotoxin 
DON (deoxynivalenol).




Low-Fusarium winter barley is key to providing a 
local grain supply to the rapidly growing eastern U.S. 
malting industry.  Barley is also grown throughout 
the eastern U.S. for animal feed.




For 12 oz. of beer, 21 
barley heads are needed. 
Gushing, as seen on the 
right, increases with the 
severity of Fusarium
infection in the malt.




Acknowledgements
Thanks to Michael Elliott, Matt Hargrove, Jean Beacorn, and Gabe Supino for 
excellent technical assistance.  Thanks to Dr. Yanhong Dong, Univ. of 
Minnesota, for DON analysis, and to the US Wheat & Barley Scab Initiative 
and the NC Small Grain Growers Association for financial support.




Previous research (2015-17) with North Carolina 
winter barleys showed a maximum DON reduction of 
70-80%, using variety resistance and Prosaro (Fig. 1), 
and no difference from spraying when spikes were 
just 100% emerged vs. 6 days later. 




MAIN PLOTS:  3 barley varieties, 
differing in scab resistance




• Flavia (S) – 2-row malt
• Thoroughbred (MS)– 6-row 




feed/malt 
• Violetta (MS-MR) – 2-row malt




Michael Elliott applies fungicide to Fusarium-inoculated 
barley plots in Raleigh, May 2018.




Fusarium-infected corn was spread three 
times on plots:  34, 24, and 14 days before 
full heading of the earliest variety.  Mist 
was provided 3 hours each morning and 3 
hours each afternoon (2 min out of each 20 
min).  Disease incidence and severity were 
recorded 30 days after the first fungicide 
applications.




x Excludes the unsprayed plots.  Within a row, means followed by the 
same letter are not significantly different at P ≤ 0.05.




Y Includes the unsprayed plots.  Within the column, means followed by 
the same letter are not significantly different at P ≤ 0.05.




DON  
Averaging across treatments, DON was not 
significantly different from applications at 50% spikes 
emerged, 100% spikes emerged and those 6 days 
later.  Violetta had less DON than Flavia, and 
Thoroughbred was intermediate (Table 1, green 
letters).




For each cultivar, early applications had numerically 
higher DON than medium or late ones.  But the only 
significant timing effect was on Thoroughbred, where 
DON was lower from the late application than from 
the other two (Table 1, red letters.)




Test Weight
Test weight followed the pattern of DON, with Violetta
> Thoroughbred > Flavia (P < 0.0001; means not 
shown). TW did not differ significantly between early, 
medium and late fungicide timings (P ≥ 0.10).




Fig. 1. Percent DON 
reduction relative to 
susceptible cultivar 
Atlantic unsprayed.  T1 = 
Prosaro at 100% spikes 
emerged; T2 = Prosaro at 
6 d. after 100% spikes 
emerged.  




Barley scab:  bleaching & 
darkening of spikelets (left); 
infected kernels become discolored 
and can have black fungal fruiting 
bodies (above).




SUB-PLOTS:  




Oz/ Timing 
Fungicide acre (spike emergence)
Prosaro 8.0 100%
Miravis Ace 11.5 100%
Miravis Ace 11.5 50%
Miravis Ace 13.7 100%
Miravis Ace 13.7 50%
Prosaro 8.0 50%
Prosaro 8.0 100% +6 days
Miravis Ace 11.5 100% +6 days
Miravis Ace 13.7 100% +6 days




DATA




Awn 
tipping




The effect of fungicide treatment depended on variety.   
Fungicides did not significantly reduce symptoms in Flavia, 
likely because of very uneven heading, nor in Violetta.  
However, 4 of the fungicide treatments did reduce 
symptoms in Thoroughbred (asterisks; P ≤ 0.05).  




There was no significant difference in DON among fungicide treatments, and all reduced DON compared to the 
unsprayed check. Test weight was significantly affected by fungicide treatment; several treatments resulted in 
higher test weights than the unsprayed check, but there was no clear trend by product or timing (P ≤ 0.05). 




CONCLUSIONS
1) All fungicide treatments reduced DON relative to 




the unsprayed controls.  Three treatments also 
boosted test weight.




2) Across cultivars, DON and test weight were the 
same for the “medium” and “late” fungicide 
timings.  This confirms there is at least a 6-day 
window for effective fungicide application, 
starting at 100% spikes emerged.




3) Results did not support an “early” fungicide 
timing (50% spikes emerged); DON was always 
numerically higher.  In the case of Thoroughbred, 
the “late” timing was significantly lower-DON than 
the “early” and “medium” timings.




Stages of barley spike 
emergence 
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6 days
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RESULTS SUMMARY




YIELD




DON




Fungicide treatment had no effect on 
yield.  Varieties had significantly 
different yields, with Thoroughbred’s 
high yield expected as a six-row type 
(P ≤ 0.05).  




TEST WEIGHT




INTRODUCTION




NEW QUESTIONS




• Efficacy of early 
fungicide application 
(spikes 50% emerged)




• Compare new 
product, Miravis Ace, 
to Prosaro




VISIBLE FHB SYMPTOMS




Table 1. DON ppm averaged across treatments, where Early = 
50% spike emergence, Medium = 100% spike emergence, and 
Late = 100% spike emergence + 6 days.
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emerged; T2 = Prosaroat 


6 d. after 100% spikes 


emerged.  


Barley scab:  bleaching & darkening of spikelets(left); infected kernels become discolored and can have black fungal fruiting bodies (above).SUB-PLOTS:  Oz/  Timing Fungicide acre(spike emergence)Prosaro 8.0 100%Miravis Ace 11.5 100%Miravis Ace 11.5 50%Miravis Ace 13.7 100%Miravis Ace 13.7 50%Prosaro 8.0 50%Prosaro 8.0 100% +6 daysMiravis Ace 11.5 100% +6 daysMiravis Ace 13.7 100% +6 daysDATAAwn 


tipping


The effect of fungicide treatment depended on variety.   Fungicides did not significantly reduce symptoms in Flavia, likely because of very uneven heading, nor in Violetta.  However, 4 of the fungicide treatments did reduce symptoms in Thoroughbred (asterisks; P≤ 0.05).  There was no significant difference in DON among fungicide treatments, and all reduced DON compared to the 


unsprayed check. Test weight was significantly affected by fungicide treatment; several treatments resulted in 


higher test weights than the unsprayed check, but there was no clear trend by product or timing (P≤ 0.05). 


CONCLUSIONS1)All fungicide treatments reduced DON relative to the unsprayed controls.  Three treatments also boosted test weight.2)Across cultivars, DON and test weight were the same for the “medium” and “late” fungicide timings.  This confirms there is at least a 6-day 


window for effective fungicide application, 


starting at 100% spikes emerged.


3)Results did not support an “early” fungicide 


timing (50% spikes emerged); DON was always 


numerically higher.  In the case of Thoroughbred, 


the “late” timing was significantly lower-DON than 


the “early” and “medium” timings.
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RESULTS SUMMARYYIELDDON


Fungicide treatment had no effect on yield.  Varieties had significantly different yields, with Thoroughbred’s high yield expected as a six-row type (P≤ 0.05).  TEST WEIGHT


INTRODUCTIONNEW QUESTIONS


•Efficacy of early 


fungicide application 


(spikes 50% emerged)


•Compare new 


product, MiravisAce, 


to Prosaro


VISIBLE FHB SYMPTOMS Table 1.DON ppm averaged across treatments, where Early = 50% spike emergence, Medium = 100% spike emergence, and Late = 100% spike emergence + 6 days.
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polypeptide with two AP2 domains (9, 10), the first sited between
residues 112 and 178 and the second between 203 and 270 (Fig.
S4). Exon 10 includes a putative miR172 target sequence (Fig.
2A), which is also present in a number of AP2 genes (11, 12).
Two auxin-response elements (13) were present, one approx-
imately 3 kbp, and the other approximately 2 kbp upstream of
the start codon. The sequence resembles those of Arabidopsis
thaliana AP2 (AT4G36920.1) and TOE3 (AT5G67180.1), and
belongs to the euAP2 clade (Fig. S5). The transcript was highly
homologous to predicted transcripts of the rice AP2-like gene
Os04g0649100. The single nucleotide polymorphism at
P22AP23’, which lies within a putative miR172 target sequence
in Exon 10, was synonymous (Fig. S4).




The miR172 Site Sequence Polymorphism Is Associated with Lodicule
Size and Cleistogamy. Sequence variation among the set of 274
barley accessions was observed at three base positions within the
miR172 target sequence (Fig. 2B and Dataset S2). None of these
variants implied any variation in peptide sequence, as all are
sited in the third base position of their respective codon. The first
variant (. . .C(A/C)G. . .) was uncorrelated with cleistogamy, but
both the second and third (. . .(A/G)TCATC(A/C). . .) were
correlated. The observation that all of the noncleistogamous
types were of haplotype ATCATCA at the latter site indicated
that this haplotype is necessary for the determination of non-
cleistogamy (Fig. 2B). The haplotype was also present in the wild




barley line. The haplotype of the cleistogamous types was either
GTCATCA or ATCATCC (Fig. 2B). The initial G was present
in seven cleistogamous accessions in addition to KNG, indicating
that this single nucleotide change was sufficient for the change
from noncleistogamy to cleistogamy. This notion was supported
by the genetic delimitation of the cly1 locus and the miR172-
guided mRNA cleavage analysis (Fig. 2A). A second cly1 allele
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Fig. 1. The lodicules of cleistogamous and noncleistogamous barley. (A) The
lodicule [lo] located at the base of the stamen [st] open the spikelet by pushing
apart the lemma [le] and palea [pa]. (B) A noncleistogamous and (C) a cleis-
togamous barley spike at anthesis. The lodicules of (D) a noncleistogamous
and (E) a cleistogamous barley. A section of the spikelet in (F) a non-
cleistogamous and (G) a cleistogamous barley. The carpel [cp] is surroundedby
the other floral organs. (Scale bars: D and E, 800 μm; F and G, 200 μm.)




Fig. 2. Positional cloning of Cly1. (A) A genetic map of the critical region of
the long arm of barley chromosome 2H constructed from aAzumamugi (AZ) x
Kanto Nakate Gold (KNG) F2 population. Barley EST sequence BF623536 is
homologous to that of rice AP2. BACs M191K21 and M601E22 harbor Cly1,
which encodes a transcription factor with two AP2 domains and a putative
miR172 targeting site. The AZ and KNG Cly1 sequences differ from one an-
other by a single nucleotide site within the target site (responsible for the
Cly1.a and cly1.b alleles) and by a second nucleotide located upstream of the
coding region (P101AP25’). (B) Sequence comparisons between alleles of the
putative miR172 target site indicate that it is variation at the second and/or
third variable positions (red stars), rather than at the first position (blue star),
which is responsible for cleistogamy. (C) Lodicule size at the yellow anther
stage and at anthesis in a 274 accession germplasm set. Noncleistogamous
cultivars are marked by blue spots, and cleistogamous ones by red spots.
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Three and four days after infection, fungal structures were
present in inner layers of the pericarp, the testa (seed coat),
aleurone, and endosperm in cross sections of infected caryopses
(Fig. 1 G–K). Extensive growth of both fungal strains was visible
inside the hypodermis, and newly formed macroconidia were
present on the surface of the caryopses of wheat cv. Nandu and
the barley lines BCIngrid-mlo5 (Fig. 1J) and BCPallas-mlo5 on
day 3. Generation of macroconidia was first observed on the
other genotypes on day 4.




Comparison of the Different Genotypes. A comparison of the
progress of F. graminearum infection at 72 hai through the
caryopses of the different barley genotypes infected with
the two strains is presented in Fig. 2A. No significant differ-
ence is observed for the speed with which the wild-type and
trichothecene-deficient fungus traversed the pericarp, cross
cells, testa, and aleurone tissues to reach the endosperm in the
different barley genotypes. An exception was the slower
penetration of the wild type compared to the mutant fungus in
the variety Chevron. There is a distinct difference in the speed
at which the aleurone and endosperm was infected in the two
mlo5-lines compared to their isogenic parent lines. Aleurone
and endosperm cells were disintegrated in BCIngrid-mlo5 and
BCPallas-mlo5 (Fig. 1I) and large lesions were found in the
hypodermis (Fig. 1K). This finding demonstrates an increased
susceptibility of barley caryopses to F. graminearum infection
in the presence of the mutated MLO plant defense regulator
protein (30). Additionally the two Ingrid lines were more
susceptible than the two Pallas lines. At 72 hai no difference
was observed for the wheat cv. Nandu regarding the patho-
genicity of the wild-type and trichothecene-deficient fungus
(Fig. 2 A). The susceptibility of cv. Nandu was comparable to
that of the two barley mlo-lines. In all infected caryopses of cv.
Nandu, fungal mycelium was visible in gaps between the
hypodermis and cross cells (Fig. 2H). This growth character-
istic was not observed in barley and could be confirmed
independently when caryopses of wheat cv. Bobwhite were
infected with F. graminearum (C.J., unpublished data). The
progress of infection was subsequently analyzed at 96 hai in the
barley genotypes (Fig. 2B). Again there was no significant
difference in the progress of infection when wild-type and
trichothecene-disrupted fungus were compared. In a much
larger portion of the sections the aleurone and endosperm had
been reached by the infecting hyphae in the two mlo5-mutant
genotypes compared to their near-isogenic parent lines. Again
slower progress of the infection in cv. Chevron than in Ingrid
and Pallas was visible at 96 hai.




Spreading of Infection Within Spikes from One Floret to Another in
Wheat and Barley. In the wheat cv. Nandu injection of florets with
the trichothecene-deficient fungus led to its containment in the
rachis node at the bottom of the floret (Fig. 3D, see Fig. 8 for
identification of organs). A larger magnification of these areas
revealed a heavy cell wall thickening that formed a cavity contain-
ing accumulated hyphae, and arose probably by synthesis of pectins,
xylans, or cellulose (Fig. 4A). When cv. Nandu was infected with the
wild-type F. graminearum, large amounts of hyphae were seen
moving through the rachis at 6 dai (Fig. 3B) and thickened cell walls
were not formed (Fig. 4B). The movement of the GFP labeled F.
graminearum wild-type strain intracellulary occurred in wheat cv.
Nandu through the elements of the vascular bundles (Fig. 5 A and
B). In the parenchyma cells the fungus grew in the apoplastic space
(Fig. 5C). After extensive accumulation of the pathogen close to the
epidermis of the rachis, the mycelium was released through stomata
(Fig. 5D). In contrast to wheat, F. graminearum hyphae of both wild
type and the trichothecene knockout mutant were inhibited in
barley at the rachis node and rachilla (Fig. 3 G and H) limiting
infection of adjacent florets through the phloem and along the




surface of the rachis through infection of trichomes (Fig. 6). Thus,
an enhanced defense was not observed by elimination of the
mycotoxin.




Fig. 3. Micrographs of hand sections after infection of wheat cv. Nandu 6 dai
(A–D) and barley cv. Chevron at 21 dai (E–H) with WT-GFP (A, B, E, and G) and
tri5-GFP (C, D, F, and H). In wheat, WT-GFP infects the rachis (B), whereas
tri5-GFP is contained in the rachis node (D). In barley, both fungal strains are
inhibited at the rachis neck and rachilla, limiting infection of adjacent florets
through the phloem and along the surface of the rachis (G and H). (A, C, E, and
F) White light. (B, D, G, and H) GFP exciting blue light.
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Three and four days after infection, fungal structures were
present in inner layers of the pericarp, the testa (seed coat),
aleurone, and endosperm in cross sections of infected caryopses
(Fig. 1 G–K). Extensive growth of both fungal strains was visible
inside the hypodermis, and newly formed macroconidia were
present on the surface of the caryopses of wheat cv. Nandu and
the barley lines BCIngrid-mlo5 (Fig. 1J) and BCPallas-mlo5 on
day 3. Generation of macroconidia was first observed on the
other genotypes on day 4.




Comparison of the Different Genotypes. A comparison of the
progress of F. graminearum infection at 72 hai through the
caryopses of the different barley genotypes infected with
the two strains is presented in Fig. 2A. No significant differ-
ence is observed for the speed with which the wild-type and
trichothecene-deficient fungus traversed the pericarp, cross
cells, testa, and aleurone tissues to reach the endosperm in the
different barley genotypes. An exception was the slower
penetration of the wild type compared to the mutant fungus in
the variety Chevron. There is a distinct difference in the speed
at which the aleurone and endosperm was infected in the two
mlo5-lines compared to their isogenic parent lines. Aleurone
and endosperm cells were disintegrated in BCIngrid-mlo5 and
BCPallas-mlo5 (Fig. 1I) and large lesions were found in the
hypodermis (Fig. 1K). This finding demonstrates an increased
susceptibility of barley caryopses to F. graminearum infection
in the presence of the mutated MLO plant defense regulator
protein (30). Additionally the two Ingrid lines were more
susceptible than the two Pallas lines. At 72 hai no difference
was observed for the wheat cv. Nandu regarding the patho-
genicity of the wild-type and trichothecene-deficient fungus
(Fig. 2 A). The susceptibility of cv. Nandu was comparable to
that of the two barley mlo-lines. In all infected caryopses of cv.
Nandu, fungal mycelium was visible in gaps between the
hypodermis and cross cells (Fig. 2H). This growth character-
istic was not observed in barley and could be confirmed
independently when caryopses of wheat cv. Bobwhite were
infected with F. graminearum (C.J., unpublished data). The
progress of infection was subsequently analyzed at 96 hai in the
barley genotypes (Fig. 2B). Again there was no significant
difference in the progress of infection when wild-type and
trichothecene-disrupted fungus were compared. In a much
larger portion of the sections the aleurone and endosperm had
been reached by the infecting hyphae in the two mlo5-mutant
genotypes compared to their near-isogenic parent lines. Again
slower progress of the infection in cv. Chevron than in Ingrid
and Pallas was visible at 96 hai.




Spreading of Infection Within Spikes from One Floret to Another in
Wheat and Barley. In the wheat cv. Nandu injection of florets with
the trichothecene-deficient fungus led to its containment in the
rachis node at the bottom of the floret (Fig. 3D, see Fig. 8 for
identification of organs). A larger magnification of these areas
revealed a heavy cell wall thickening that formed a cavity contain-
ing accumulated hyphae, and arose probably by synthesis of pectins,
xylans, or cellulose (Fig. 4A). When cv. Nandu was infected with the
wild-type F. graminearum, large amounts of hyphae were seen
moving through the rachis at 6 dai (Fig. 3B) and thickened cell walls
were not formed (Fig. 4B). The movement of the GFP labeled F.
graminearum wild-type strain intracellulary occurred in wheat cv.
Nandu through the elements of the vascular bundles (Fig. 5 A and
B). In the parenchyma cells the fungus grew in the apoplastic space
(Fig. 5C). After extensive accumulation of the pathogen close to the
epidermis of the rachis, the mycelium was released through stomata
(Fig. 5D). In contrast to wheat, F. graminearum hyphae of both wild
type and the trichothecene knockout mutant were inhibited in
barley at the rachis node and rachilla (Fig. 3 G and H) limiting
infection of adjacent florets through the phloem and along the




surface of the rachis through infection of trichomes (Fig. 6). Thus,
an enhanced defense was not observed by elimination of the
mycotoxin.




Fig. 3. Micrographs of hand sections after infection of wheat cv. Nandu 6 dai
(A–D) and barley cv. Chevron at 21 dai (E–H) with WT-GFP (A, B, E, and G) and
tri5-GFP (C, D, F, and H). In wheat, WT-GFP infects the rachis (B), whereas
tri5-GFP is contained in the rachis node (D). In barley, both fungal strains are
inhibited at the rachis neck and rachilla, limiting infection of adjacent florets
through the phloem and along the surface of the rachis (G and H). (A, C, E, and
F) White light. (B, D, G, and H) GFP exciting blue light.
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perithecium emergence during floret development. Florets




were inoculated at four stages: early (E; Zadoks’ 5.5–5.7),




middle (M; Zadoks’ 5.9–6.1); late (L; Zadoks’ 7–7.3) and very




late (VL; Zadoks’ 7.7–7.8). For the florets with fused margins




(stages L and VL), there was a significant reduction in the




number of perithecia emerging from the paleal surface com-




pared with the florets with unfused margins (stages E and M;




F 5 37.60454; P 5 1.24 3 10217) (Figs 5a,b and 6a). In addi-




tion, the florets inoculated at the E and M stages supported




perithecium development almost exclusively within the area




under the inoculation droplet, and very few outside of that




area, in all florets examined (F 5 133.0525; P 5 8.51582253)




(Fig. 6a,b). Conversely, the florets inoculated at the L and VL




stages supported perithecium development primarily along the




vascular bundles, and in reduced numbers on the paleal sur-




face (Figs 5b,c and 6b). Although perithecia emerged only in




association with stomates on the vascular bundles, emergence




on the remainder of the paleal surface was not observed to be




linked to any specific cell type. In cross-section, perithecial ini-




tials were observed in aleurone cells and mature perithecia




emerged directly from this tissue.




Fusarium graminearum–barley surface interactions




in two-row and six-row varieties




To compare interactions of F. graminearum with two-row versus




six-row barley, we used the detached floret assay of unfused




paleae with representative barley varieties from each type (Quest,




Robust, Stander, Aramir, Bowman and CDC Harrington) to com-




pare host responses at the trichome site of infection. All varieties




tested supported similar growth of F. graminearum regardless of




previously characterized resistance. By 1 and 2 dpi, conidia had




germinated and begun to spread across the surface of the palea,




similar to those shown for the older inoculated palea (Fig. 3b). At




3–4 dpi, hyphae and conidiophores emerged via the stomata




along the veins bordering the central furrow. This indicated that,




under these conditions, successful entry and colonization of the




host occurs between 1 and 3 dpi.




Focal accumulation of lignin and cellulose at




trichomes




We used Chlorazol Black E (CBE) staining of infected paleae to




investigate the plant response to infection. In the presence of




Fig. 3 Early interactions of Fusarium graminearum with trichomes. (a) Conidia trapped on large prickles at 1 days post-inoculation (dpi). (b) Germinating conidium




on a small prickle with infection arm (arrow) and terminal end of hypha (arrowhead) penetrating the base of a neighbouring prickle at 3 dpi. (c) Bulbous hyphae on




large prickles and colonized trichome base at 5 dpi (arrows). Large prickles visible (tips indicated by arrowheads). Bars, 20 mm.




Fig. 2 Epidermal cells of the outer surface of the barley cultivars Aramir (two-row) and Stander (six-row). (a) Aramir paleal surface. (b) Stander paleal surface. (c)




Latitudinal cross-section of the Aramir palea. (d) Latitudinal cross-section of the Stander palea. The distinguishing domed trichomes of Aramir are indicated by




arrowheads (a, c). The distinguishing small prickle-like trichomes of Stander are indicated by arrowheads (b, d). Arrows indicate silica/cork cell combinations.




Bars, 5 lm.
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