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To increase understanding of the interactions between Brachypodium distachyon (purple false brome) and
its pathogens, six diploid and two hexaploid Plant Introductions (PI) lines were assessed for their
resistance/susceptibility to nine economically important fungal pathogens and two species of insect
pests affecting closely related grass species. Naturally occurring variation in resistance was found, with
two lines being the most resistant and one line being the most susceptible to most of the insects and
pathogens tested. Evidence was found for differential activation of key genes in pathogen defense
response pathways between susceptible and resistant lines.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Studies of the molecular biology and genetics of plant resistance
have providedmuch information on howplants recognize and fight
invading organisms. The use of Arabidopsis thaliana as a model
plant in such studies has made a major contribution to our un-
derstanding of plantebiotic stress interactions [1]. However,
A. thaliana is not an ideal model organism for testing responses of
grasses to pests and pathogens. For one thing, its cell wall archi-
tecture is completely different from that found in grasses. Since the
cell wall is the plant’s first barrier to invading insects or pathogens,
this is an important consideration.

Brachypodium distachyon (L) Beauv., purple false brome, is a
winter annual grass (Poaceae) beingwidelyused as amodel plant for
temperate grasses because of its small genome, short life cycle, and
small size [2,3]. It has been proposed for use as amodel in studies of
specific plantepathogen or plantepest interactions involving rice
[4,5], wheat [5e8], and barley [8]. However, there are many culti-
vated grasses important in the turfgrass, animal, and biofuel in-
dustries, among others, for which plantepathogen/pest interaction
models still need to be established. If Brachypodium is to be used as a
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model, much more information about the pathogen and pest re-
sponses of different genotypes of Brachypodium is needed.

The Poaceae familydwhich includes crucial cultivated crops
such as wheat, maize, rice, and barleydcan be attacked by several
serious insects and pathogens. Major insect pests include the
fall armyworm (FAW, Spodoptera frugiperda Smith), a “tissue-
feeding” insect that attacks a wide variety of grasses [9], and
“phloem-feeding” insects such as the Russian wheat aphid (RWA,
Diuraphis noxia Kurdjumov) [10], which has dramatically reduced
the yield of wheat and barley in the United States since its invasion
in 1986.

Pathogens on grasses cause a wide range of serious problems
including blast disease [11,12], foliar disease [13,14], seed rot [15],
damping off [15,16], “dollar spot” [17], and root necrosis [18e20]. In
addition to damaging or killing crops, fungal pathogens may also
produce metabolites such as mycotoxins that are harmful to
humans and livestock that consume affected plant tissue.

Resistance mechanisms in grasses are complex and may involve
constitutively expressed primary and secondary metabolites and
induced metabolites such as phytoalexins, ethylene, and H2O2
accumulation [21e23]. The metabolites jasmonic acid (JA), salicylic
acid (SA), and ethylene (ET) are produced in response to attack by
insects or pathogens [24,25]. Thesemetabolites aid plant defense in
a variety of ways. For example, ethylene (ET) elicits H2O2 produc-
tion, and along with peroxidase (POX2) leads to increased ferulate
dimerization and strengthening of the cell wall, enhancing the
wall’s function as a barrier to potential invaders.

Plants also produce reactive oxygen species (ROS) and reactive
nitrogen species (RNS), leading to the production of pathogenesis-
related (PR) proteins [26]. Among PR proteins, peroxidases have
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been shown to be effective against pathogens [27] and insect attack
[28e31]. Class III plant peroxidases are known to participate in a
broad range of physiological processes, such as lignin and suberin
formation and cross-linking of cell wall components [26].

In this study, we compare the resistance/susceptibility of eight
Brachypodium lines to nine economically important fungal pathogens
(Magnaporthe grisea, Colletotrichum cereale, Sclerotinia homoeocarpa,
Pythium aphanidermatum, Rhizoctonia solani, Magnaporthe poae,
Ophiosphaerella agrostis, Ophiosphaerella korrae, and Gaeumanno-
myces graminis) and two insect pests (fall armyworm, S. frugiperda,
and Russian wheat aphid, D. noxia) affecting closely related grass
species. We found natural variation in resistance among the Brachy-
podium genotypes. We further provide evidence for differential acti-
vation between susceptible and resistant accessions of key genes of
response pathways that are often activated during pathogen attack.

2. Material and methods

2.1. Plant material

Eight B. distachyon accessions of different origin and ploidy
levels, as listed in Table 1, were included in this study. Two of these
were the sequenced PI Bd21 and the inbred line derived from this
PI, Bd21-3 [2]. Seeds were supplied by Vicki L. Bradley, USDA, ARS,
WRPIS, Washington State University.

2.2. Pathogen screening of B. distachyon genotypes

2.2.1. Plant growth conditions
Seeds of the eight B. distachyon accessions were germinated on

humidified paper towels in 24-well cell culture plates from
CellStar�. Germinated seeds were transferred to 3.5

00
or 4.5

00
diam-

eter pots (depending on the experiment) containing 5:1 mixture of
Miracle-Gro Potting Mix and vermiculite. These seeds were grown
in a controlled greenhouse at 24/18 �C (day/night) temperature and
a 16-h photoperiod, for six to eight weeks prior to FAW screening,
except for genotype CWC, which was grown for four weeks. Plants
were fertilized at two-week intervals with a solution containing
1.1 g l�1 N, 0.28 g l�1 P and 1.0 g l�1 K and watered regularly.

2.3. Insect performance on Brachypodium leaves

2.3.1. FAWdsource of insects
Eggs of the maize host strain of the fall armyworm (FAW, S.

frugiperda) were supplied by the USDA-Corn Insect Research Fa-
cility at Mississippi State University, through Dr. Dawn Luthe (PSU).
Newly hatched caterpillars were reared on a wheat germ- and
casein-based diet [32]; ingredients were purchased from BIOSERV
Table 1
Brachypodium distachyon genotypes used in this research, nomenclature, plant
introduction (PI) accession number, geographic origin and ploidy level.a

Nomenclature used
in this research

PI accession Geographic origin Ploidy

CWA Bdb 21-3 Iraq Diploid
CWB Bd 21 Iraq Diploid
CWC 227011 Iran Hexaploid
CWD 372787 Uruguay Hexaploid
CWE 185133 Iraq Diploid
CWF 245730 Turkey Diploid
CWG 208216 South Africa Diploid
CWJ Bd 3-1 Iraq Diploid

a Vogel et al. [3].
b Bd indicates an inbred.
(Frenchtown, NJ, USA). Caterpillars were kept individually in diet
cups in an incubator at 27 �C and 16 h of light [33] for approxi-
mately four days, until they reached their second instar, before
being used for bioassays. Bioassays were conducted with larvae of
approximately the same stage and weight.
2.3.2. FAWdlarval growth performance
Second-instar larvae were placed on one of seven particular diet

treatments, held in individual diet cups containing 1% agarose (to
avoid drying of the leaf material). Diet treatments consisted of fully
developed leaves of the different B. distachyon genotypes, assayed
in one, two, or three trials, depending on the genotype. For each
treatment, 15 larvae were used. Larvae were allowed to feed on
fresh leaf tissue, added every other day according to the caterpil-
lars’ needs, for ten days. Diet cups were cleaned daily to avoid
fungal growth. Cups containing larvae and food were held under
laboratory conditions, at 21 �C and a 10:14 day/night photoperiod.
Larvae were weighed at the start of the experiment and every other
day afterwards to follow their development on the different Bra-
chypodium genotypes and on control (maize and fescue) leaves. The
data presented here were obtained ten days after starting the
bioassay, when FAW caterpillars reached their highest larval
weight, and just before pupation on the control host plants (sus-
ceptible maize inbred B73) under the experimental conditions.
2.3.3. Control plant growth conditions
Maize (Zea mays) inbred lines Mp708, Tx601 and B73dwhich

have been reported previously as resistant, medium susceptible,
and highly susceptible, respectively, to the FAWunder Pennsylvania
conditions [34]dwere used as controls, along with Festuca arun-
dinacea genotype (20BN3) from the cultivar S170. Maize plants
were grown in a Hagerstown loam in a greenhouse with 16 h of
light at a temperature of 28/22 �C (day/night) until reaching V7 to
V8 stage (four to five weeks after planting); the mid-whorl part of
the plant was used for the bioassays. Tall fescue tillers were grown
in a controlled environmental chamber at 22/16 �C (day/night)
temperatures and a 16-h photoperiod.
2.3.4. Aphidsdsource of insects
The two biotypes of RussianWheat Aphid (RWA, D. noxia) RWA1

and RWA2 were supplied by the USDA-ARS, Stillwater, OK. These
biotypes, previously described as the least (RWA1) and most
(RWA2) virulent of this species [10], were maintained individually
on the susceptible wheat variety “Yuma” for colony multiplication
and insect development. The experiment was set up in cages spe-
cifically built for this purpose, using the insect screen LS Econet,
from L. Svensson, Inc.�, with light transmission of 84% and
600 � 600 mm hole size. Cages measured 41 cm (L � W � H).
2.3.5. RWAdgrowth performance
Two replicate (4.5

00
) pots were used to grow each Brachypodium

genotype (CWA-CWJ) and wheat control (Yuma) line, and plants
were randomly arranged in cages (76� 50� 46 cm, L�W� H) that
were placed inside a growth chamber for the duration of the
experiment. Plants were fertilized and watered regularly, as pre-
viously described. Infestation was made with w10 aphids, a mix of
nymphs and adults, per plant. The experiment was evaluated when
wheat plants reached level 8e9 of chlorosis (plants completely
attacked), which in this experiment occurred after two weeks. The
evaluation was made by visual rating using a scale from 1 to 9,
where a rating of 1was given to a healthy plant and a rating of 9 to a
completely dead or leaf-rolling plant [35,36]. However, leaf rolling
was rarely observed in these experiments.
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2.4. Fungal pathogen performance on Brachypodium leaves

2.4.1. Sources of pathogens
The selected classes of fungi for these experimentsdsuch as M.

grisea, C. cereale, R. solani, S. homoeocarpa, P. aphanidermatum, O.
agrostis, O. korrae, G. graminis var. avenae, andM. poaedwere based
on their pathogenic relevance to cultivated grasses as well as their
relevance to the turf-grass industry. Plants were grown in 4

00

diameter pots in a controlled greenhouse environment, as
described above, for four to five weeks prior to screening with the
different pathogens. All screening experiments were carried out in
a second greenhouse under a 16-h photoperiod. High-pressure
sodium lamps were used to simulate summer conditions.

2.4.2. Fungal screening

2.4.2.1. M. grisea (rice blast disease). Five isolatesdnamed 4091-5-
8, supplied by Dr. Seogchan Kang; Guy 11; IE1K; 18-1; and IA45,
supplied by Dr. Yinong Yang (see Table 2)dwere grown in oatmeal
agar plates for approximately ten days prior to inoculation. Oatmeal
agar plates were prepared using fifty grams of rolled oats heated in
500 ml of water for 1 h. Material was filtered through cheesecloth
and the volume adjusted to 1000 ml with water. Glucose (1%) and
agar (1.5%) were added and the suspension autoclaved at 121 �C for
35 min. Conidia were collected with a solution of Tween 0.01% in
distilled, autoclaved water and the concentration adjusted to
200,000 spores/ml�1. Approximately 1 ml of inoculumwas used to
spray individual plants using a 3345 VWR adjustable spray PK3
bottle (Control Company). Following inoculation, each plant was
covered with a transparent plastic bag for 48 h to create high hu-
midity and temperature for the normal development of the fungus.
After a 48-h period, the plastic bags were removed and plants were
kept under greenhouse conditions (as described above) for no
longer than a week. Disease incidence was recorded daily from
72 h after infestation, for a period of one week, using a rating scale
from 0 to 5, where 0 indicated no visible evidence of infection and 5
corresponded to large eyespot lesions, following Valent et al. [37]
and adapted to B. distachyon.

2.4.2.2. C. cereale (Anthracnose disease, formerly C. graminicola).
Isolate 246 CgMa-1, supplied by Dr. John Kaminski (see Table 2),
was grown in Potato Dextrose Agar (PDA) media for approximately
two weeks prior to inoculation. PDA was prepared with 300 g of
Table 2
Insect species and fungal isolates used in this research.

Organism Biotypes/isolates Source of isolates

Insects Fall Armyworm
(Spodoptera frugiperda)

Corn biotype Dr. Dawn Luthe (PSU)

Russian Wheat Aphid
(Diuraphis noxia)

RWA1, RWA2 Dr. Gary Puterka
(USDA-ARS, Stillwater,
OK)

Fungi Magnaporthe grisea 40901-5-8 Dr. Seogchan Kan (PSU)
Guy 11, IE1K,
IA45, 18-1

Dr Yinong Yang (PSU)

Colletotrichum cereale 246 CgMA-1 Dr. John Kaminski (PSU)
Rhizoctonia solani RhBC 2-1-3 Dr. Wakar Uddin (PSU)
Pythium aphanidermatum P3 Dr. Waker Uddin (PSU)
Ophiosphaerella agrostis 81OpMO4,

548 OKCT-3
Dr. John Kaminski (PSU)

Ophiosphaerella korrae 548 OKCT-3 Dr. John Kaminski (PSU)
Gaeumannomyces
graminis
var. avenae

389 GGa CT-T Dr. John Kaminski (PSU)

Magnaporthe poae 626 MpNY-2 Dr. John Kaminski (PSU)
Sclerotinia homoeocarpa S-00-5044B Dr. Waker Uddin (PSU)
Sclerotinia homoeocarpa 241 ShMp-2 Dr. John Kaminski (PSU)
fine slices of unpeeled potatoes in 1000 ml of water and heated for
40 min. The suspension was then filtered using cheesecloth and
adjusted to 1000 ml with water. 2% dextrose and 1% agar were
added and autoclaved for 35 min at 121 �C. Prior to inoculation, the
conidia concentration was adjusted to 400,000 spores/ml�1 and
plants infected as for M. grisea. Disease symptoms appeared after
96 h of infection as small patches on the leaf, and evaluations were
made from that point onwards for a period of one week. Disease
development was recorded using a rating scale from 0 to 5, where
0 represented no infected leaves, 1 indicated the presence of
chlorotic flecks, and 5 represented a plant showing necrotic lesions
(adapted from Ref. [38]).

2.4.2.3. R. solani (Sheath blight). Isolate RhBC 2-1-3 (see Table 2),
supplied by Dr. Wakar Uddin, was grown on PDA media for 10 days
at 22e24 �C under continuous light. Small agar plugs were then
transferred to autoclaved PDB (Potato Dextrose Broth) medium
under aseptic conditions and cultured in the dark for 10 days with
continuous shaking (260e280 rpm) at 28 �C. Fungal mycelia were
harvested and cut into small (w5 mm) ball-shaped segments and
attached at the lower sections of the stems, around the sheath of
the Brachypodium plants. Inoculums were covered with aluminium
foil for about 48 h, as this was the time period after which signs of
the disease appeared in rice. Evaluations were made one and two
weeks after inoculation using a scoring scale from 0 to 5, where
0 indicated no lesions and 5 indicated necrosis across the entire leaf
section, resulting in leaf death [39].

2.4.2.4. S. homoeocarpa (Dollar spot). Isolate S-00-5044B, supplied
by Dr. Wakar Uddin, and isolate 241 ShMp-2, supplied by Dr. John
Kaminski (see Table 2), were directly cultivated on PDA for a week.
An agar plug (w5mmdiameter) was directly inoculated around the
stems of different tillers of Brachypodium plants and covered with
aluminium foil to avoid drying and to create a suitable environment
for fungal development. The aluminium foil was removed after
48 h, when the first signs of the disease were observed, and eval-
uations started 72 h after inoculation and continued for a period of
one week. An arbitrary rating scale from 0 to 5 was used, where
0 indicated no disease and 5 a completely wilted brown plant.

2.4.2.5. P. aphanidermatum (Pythium blight). Isolate P3, supplied by
Dr. Wakar Uddin (see Table 2), was grown on PDA media for
approximately one week before inoculation. Inoculations were
carried out by placing an agar plug with growing mycelia directly
on the plant’s stem, close enough to the soil to induce the disease in
both foliar and root tissues. The agar plugs were covered with a
piece of aluminium foil to avoid drying. The progression of the
disease was scored a week after inoculation on a scale from 0 to 5,
where 0 indicated no sign of disease and 5 a completely wilted
plant.

O. agrostis (isolate 81 OpMO4), O. korrae (isolate 548 OKCT-3), G.
graminis var. avenae (isolate 389 GGa CT-T), andM. poae (isolate 626
MpNY-2) were supplied by Dr. John Kaminski (see Table 2) and
were grown in PDA plates for approximately one to two weeks,
depending on the pathogen. Agar plugs were transferred to oat
seeds (which had been first washed with tap water until
completely clean, soaked inwater overnight, and autoclaved for 1 h
at 20 �C, on two consecutive days), and cultures were grown for a
further two to three weeks under laboratory conditions (atw21 �C)
and under continuous white light supplied by a 15 V fluorescent
lamp. Inoculations were made using 0.3 g of infected seeds
(approximately 10 seeds) by placing the seeds directly into the soil,
in contact with Brachypodium roots. Disease symptoms were
observed two to three weeks after inoculation and evaluations
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made using a rating scale from 0 to 10, with 0 being no sign of
disease and 10 being plants that were completely dead [20].

2.5. Statistical analyses

Individual experiments for FAW and RWA were analysed as a
Randomized Complete Design (RCD). Performance of Brachypodium
genotypes against the different pathogens was tested individually
for each pathogen and isolate e as a Randomized Complete Block
Design (RCBD), with two or three replicates depending on the
experiment. The Brachypodium genotypes were considered as
treatments, using ANOVAwith a PROC GLM of SAS Institute V.S. 9.2
(SAS Institute, 2010) [40]. In each type of experiment, means were
separated using the protected LSD (Least Significant Difference) of
Fisher (p � 0.05), and as such the test was applied only when the F-
value was significant in the ANOVA [41].

2.6. Determination of resistance factors

2.6.1. Peroxidase activity
Peroxidase activity (POX) was determined in 50 mg of leaf tis-

sue, collected at different time points following inoculation with
different pathogens (see Table 2). Harvested samples were ground
to a fine powder in liquid nitrogen, with a 2000 Geno/Grinder
machine (SPEX SamplePrep�), and total protein extracted with
0.1 M potassium phosphate buffer, pH 7 and PVPP (5%). Following
protein extraction, samples were placed on ice for 5 min, centri-
fuged at 4 �C at 11,000 g for 10min, and the supernatant used to test
for POX activity by following the change of guaiacol polymerization
[42]. Twenty five ml of sample, 926 ml of 3 mM guaiacol, and 49 ml of
1 mM hydrogen peroxide were used and the change in absorbance
at 450 nm determined over a period of 5 min in a Thermo/Spec-
tronic 21D Milton Roy� spectrophotometer. Protein concentrations
were determined according to Bradford [43], with bovine serum
albumin as the standard. POX activity was expressed as
nmoles mg protein�1 min�1

2.6.2. Gene expression
Based on their well-known role in response to pathogen attacks

in wheat, barley, and rice, key genes involved in the JA, ET, phe-
nylpropanoid (PP), and SA pathways and peroxidase (Table 3) were
chosen for gene-expression studies. Respective gene sequences
were selected from the National Centre for Biotechnology Infor-
mation (NCBI) website database and blast searched against the
Brachypodium database (www.brachypodium.org). The most sig-
nificant cDNA sequences were used to design primers for quanti-
tative real-time (qRT) PCR. In addition, SamDC (S-adenosyl
methionine decarboxylase) was selected as a housekeeping gene
[44] to normalize the Cycle Threshold (Ct) values of the genes of
interests (GOIs). Primers were designed with Primer Express
Table 3
Pathway, gene, NCBI accession number, Brachypodium distachyon gene identifier and for

Pathway Gene NCBI Brachyp

Housekeepingb SAM-DC: S adenosyl methionine DV482676 Bradi1g
Peroxidases POX2: Peroxidase X85228 Bradi1g
Ethylene ACC: 1-aminocyclopropane-1-

carboxylic acid
U35779 Bradi1g

Phenylpropanoid 4CL: 4-coumarate:CoA ligase EU099350.1 Bradi3g
Jasmonic acid COI1: Coronatine-insentive protein 1 HM447645.1 Bradi2g
Jasmonic acid LOX3: Lipoxygenase 3 HQ913602.1 Bradi1g
Salicylic acid NPR1: Non-expressor of

pathogenesis-related genes 1
AY323485.1 Bradi2g

a www.brachypodium.org.
b From Hong et al. [44].
Software� from Applied Biosystems, using default settings, and
checked for single-peak amplification by RT-PCR prior to their use
in experiments. Following identification of genotypes for either
resistance or susceptibility to the different pathogens, three ex-
periments were set up in order to study the transcript levels of the
genes listed in Table 3, following infection with three different
pathogens. In the first experiment, genotypes CWB and CWF were
inoculated with S. homoeocarpa isolate S-00-554B. In the second
experiment, genotypes CWC and CWG were analysed following
inoculation with O. agrostis isolate 81 OpMO4. In the third experi-
ment, CWC and CWF genotypes were infected withM. grisea isolate
4091-5-8. In each experiment, 100 mg of leaf tissue was collected
before (control) and then 24 and 48 h after inoculation with
S. homoeocarpa; 48 and 96 h following inoculation with O. agrostis;
and after 24 and 48 h withM. grisea. Samples were ground in liquid
nitrogen using a GenoGrinder machine (OPS Diagnostics LLC,
Lebanon, NJ), and RNAwas isolated from plant tissue using TRIzol�

(Invitrogen, Carlsbad, CA), following the published online protocol
(www.invitrogen.com). Samples were subsequently treated with
RQ1 RNAse free DNAse (Promega, Madison, CA) and RNA quantified
in a spectrophotometer nanodrop machine ND-1000 (Thermo
Fisher Scientific, Wilmington, DE) at the Genomic facility at The
Pennsylvania State University. First-strand cDNA was synthesized
from 1 mg of total RNA using a Super Script III First-strand synthesis
kit (Invitrogen, Carlsbad, CA) and oligo-dT primers, according to
instructions described by the manufacturer, in a 20 ml reaction
volume. Primers were checked for their efficiency using a standard
curve for every 10-fold diluted cDNA and a single-peak amplifica-
tion. RT-PCR was carried out in a Applied Biosystems 7300
Sequence Detection System at the Genomics Core Facility at The
Pennsylvania State University, using the FastStart Universal SYBR
Green Master (Rox)� with the following conditions: 2 min at 50 �C,
10 min at 95 �C, and 15 s at 95 �C for one cycle each, followed by
1 min at 60 �C, repeated for 40 cycles. In addition, a disassociation
stage consisting of 15 s at 95 �C,1 min at 60 �C, and 15 s at 95 �Cwas
added. RT-PCRs (10 ml volume) contained: 2 ml of cDNA (10-times
diluted), 1 ml of H2O, and 1 ml of 10 nM forward and reverse
primers, and 5 ml SYBR green master mix� on a triplicate run on 96
well plates. Each experiment consisted of three biological repli-
cates, and the final averages of the threshold cycle (Ct) were used to
calculate the changes on fold difference with the 2(�DDCt) where:

Fold difference ¼ 2ð�DDCtÞ

DDCt ¼ DCtsample � DCtcalibrator

DCtsample ¼ CtGOI � Ctnormalizer

DCtcalibrator ¼ CtGOI � Ctnormalizer
ward and reverse real-time PCR primers used in this work.

odium genea Forward Reverse

02580.1 TGCTAATCTGCTCCAATGGC GACGCAGCTGACCACCTAGA
17850.1 TTCAGCAGCGCCTTTGCTT CGAGTTAACCTTGGAGCAGACG
49966.1 TTGCATTGAGCCTGGATGGT TGTGGCTATGTGTGACCCTCCT

37300.1 GTTCGAGACGGTGAGGATGTTC CATACTTTCCAACAGCGTCGC
23730.2 AGTTCTCGCGGTGAGGAATGT ATCATCATCCCCTCGCTCAAC
11670.1 TCAACTTGCCCTTTCCACATG GCAAACCGGATTAACTCCTGC
05870.1 CCTATTGAGGCAAGAGTGGCAA GCCCGTGGTATCTCTGGAAGTT

http://www.brachypodium.org/
http://www.invitrogen.com
http://www.brachypodium.org


Fig. 1. FAW caterpillar mean weights after 10 days of continuous feeding with eight
different Brachypodium distachyon accessions. Bars are mean � SE (N ¼ 15). Means
followed by the same letter were not significantly different (p � 0.05) according to the
Least Significant Difference (LSD) protected test of Fisher p � 0.05. ND ¼ not
determined.

Table 4
Mean chlorosis rating after two weeks of artificial infestation with Russian Wheat
Aphid (Diuraphis noxia) biotypes RWA1 and RWA2 of eight different Brachypodium
distachyon genotypes and wheat cultivar “Yuma” as control. Chlorosis was measured
by visual rating on a scale of 1e10.

Genotype n RWA1 n RWA2

CWA 8 1.9 ef 6 6.2 bc
CWB 9 5.6 c 9 5.8 bcd
CWC 8 6.5 b 8 8.0 ab
CWD 6 2.8 de 7 5.4 cde
CWE 8 2.3 de 7 4.0 cde
CWF 7 1.0 g 7 3.4 e
CWG 8 2.3 de 6 4.0 cde
CWJ 8 1.8 f 7 3.7 de

Yuma 7 8.4 a 8 8.9 a

LSD (0.05) 1.27 2.19

Means followed by the same letter within each column were not significantly
different (p� 0.05) according to the Least Significant Difference (LSD) protected test
of Fisher p � 0.05.
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RT-PCR data were first log-transformed, following the normality
of the variances according to Snedecor and Cochran [45]. Results
were then analysed as a randomized complete block design (RCBD),
with three replicates and three different treatments (time-points)
according to the experiment, using the PROC GLM of SAS Institute
V.S. 9.2 [40]. Means were differentiated using the Least Significance
Difference (LSD) protected of Fisher (p � 0.05) [41]. In addition, we
used the REST 2009 (Relative Expression Software Tool) software,
Quiagen� [46]. In this software, the relative expression of the gene
is calculated as follows: “RE ¼ Concentration of GOI/Concentration
of N”. Such software uses simple statistical randomization tests that
allow the detection of the significances of the treated sample
against the control sample [47]. In this experiment, the time-points
after inoculation were considered as treatment samples while the
samples without inoculations served as the control. More details in
the mathematical model can be found in the user’s guide for REST
2009 and the publications described herein [47].

3. Results and discussion

3.1. Screening B. distachyon genotypes

3.1.1. Growth performance of fall armyworm (FAW) larvae on
B. distachyon genotypes

Caterpillars fed on maize and tall fescue served as controls for
comparison with those on a Brachypodium diet. Their growth was
excluded from the analysis of variance of the Brachypodium geno-
types and a separate ANOVA was performed for caterpillars fed on
maize and tall fescue.

After feeding for ten days on maize, lines Mp708, Tx601, and
B73dpreviously reported to be resistant, medium susceptible, and
highly susceptible to predation by insectsdcontrol FAW caterpil-
lars reached an average weight of 317.5 � 4.78, 345.2 � 33.6, and
391.8 � 32.64 mg, respectively. When fed on tall fescue, the cat-
erpillars’ average weight reached 322.2 � 22.24 mg.

In the experimental feedings, FAW larval weights depended on
which Brachypodium genotype they were fed (P ¼ 0.001), as shown
in Fig. 1. Larvae fed on genotypes CWA and CWC, in particular,
gained more weight than larvae fed on the other Brachypodium
genotypes; however, they still reached only about half theweight of
larvae fed on resistant maize genotype Mp708. The very low per-
formance of Brachypodium compared to maize indicates that Bra-
chypodium would not be a preferred host for FAW, making this an
unsuitable combination for further studies of insecteBrachypodium
interaction. More work is necessary to determine which insects, if
any, would be suitable to establish a model of Brachypodiume

caterpillar feeding interactions. The possibility that FAW caterpillar
growth was limited by specific metabolites produced by Brachy-
podium, and perhaps induced by the caterpillars’ feeding, may be an
area suitable for further studies.

3.1.2. Symptoms of Russian wheat aphid (RWA) attack on
B. distachyon

The most noticeable symptom of the RWA attack on
B. distachyon was leaf-chlorosis, with no evident effect on leaf-
rolling; therefore, this parameter could not be evaluated. Evalua-
tions on Brachypodium were made when the wheat variety Yuma,
included as a control for susceptibility, reached the 8 or 9 rating
score level (plants completely attacked) as previously
described [48]. Highly significant differences (P ¼ 0.0001) among
Brachypodium genotypes were observed when B. distachyon was
infested with RWA1, where the CWF genotype was the most
resistant and CWC the most susceptible, with scores in the order of
1.0 and 6.5 on average, respectively (see Table 4). Biotype RWA2
was also found to be virulent (P¼ 0.0001) on B. distachyon, with the
lowest score (3.4) recorded for CWF and the highest (8.0) for CWC
(Table 4). Varied levels of resistance have been reported previously
when different biotypes of RWA were tested with 24 wheat or
barley cultivars [10]. The Brachypodium genotypes tested herewere,
in general, more resistant to biotype 1 compared to biotype 2, as
reported previously, and Bd21 (CWB, in this study) showed
increased resistance to RWA1 and susceptibility to RWA2, in
agreement with Ref. [8]. In addition, our results also showed that Bd
CWF was the most resistant genotype to both RWA biotypes, again
in agreement with Ref. [8] study, which reported an inbred line
developed from CWF (PI 245730) as the most resistant genotype to
both RWA biotypes. The intermediate resistance for genotypes CWE
and CWJ to RWA biotypes contrasts the previous report showing
that inbred lines derived from CWE and CWJ were highly resistant
[8]. These results indicate that the Brachypodium-RWA interaction
could be useful to determine the gene(s) involved in the resistance
to RWA and may also be suitable for determining QTLs associated
with this interaction.
3.1.3. Pathology of different fungal species on B. distachyon
M. grisea: Table 5 shows the lesion scores for the eight

B. distachyon accessions one week after inoculation with five
M. grisea isolates, formerly Pirycularia orizae, the causal agents of
the Rice Blast disease. The rice cultivar Kitaake was used as a



Table 5
Lesion typea in different Brachypodium distachyon genotypes after seven days of
inoculation with the causal agent of Rice Blast disease, Magnaporthe grisea (Hebert)
and Anthracnose, (Colletotrichum cereale Manns sensu lato Crouch, Clarke, and
Hillman formerly C. graminicola) in grasses. Both pathogens cause foliar damage.

Genotype M. grisea C. cereale

n 4091-5-8 n Guy 11 n IE1K n 18-1 n IA45 n 246
CgMA-1

CWA 4 2.8 abc 4 3.0 ab 4 4.3 a 4 1.5 b 4 0.3 b 6 0.3 de
CWB 9 2.4 abc 4 3.0 ab 4 3.3 abc 4 1.0 b 4 0.3 b 6 1.2 cd
CWC 8 3.5 a 4 3.8 a 4 3.3 abc 4 3.0 a 4 0.3 b 6 2.0 bc
CWD 4 1.9 c 4 3.3 ab 3 2.8 cd 4 1.5 b 4 0.0 b 6 3.3 a
CWE 8 3.3 a 4 3.3 ab 4 2.0 de 4 1.0 b 4 0.3 b 6 1.0 de
CWF 5 1.7 c 4 1.0 c 3 3.0 bcd 4 0.0 c 4 0.0 b 6 0.0 e
CWG 5 1.9 bc 4 3.0 ab 4 3.0 bcd 4 1.5 b 4 1.5 a 6 2.7 ab
CWJ 5 2.4 abc 4 3.0 ab 4 4.0 ab 4 1.5 b 4 0.3 b 6 0.3 de

Kitaake 2 3.0 ab 2 2.0 bc 2 1.5 e 2 0.0 c 2 0.05 b

LSD (0.05) 1.16 1.47 1.10 0.69 0.57 0.95

Means followed by the same letter within each column were not significantly
different (p � 0.05) according to the Least Significant Difference (LSD) protected of
Fisher p � 0.05.

a Scoring rating scale from 0 to 5, 0 ¼ no visible evidence of infection to 5 ¼ large
eyespot lesion as used in rice [31] adapted to B. distachyon for M. grisea.
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control because of its known resistance/susceptibility to different
M. grisea isolates (see Table 5). Highly significant differences were
found among Brachypodium genotypes for each of the five different
isolates tested (ANOVAs not shown). The isolate 4091-5-8, which is
a mix of two Japanese field isolates that infect weeping lovegrass
and goosegrass, proved to be successful at infecting B. distachyon
(P ¼ 0.0091). Initiation of the disease symptoms was first observed
48 h post-inoculation, as shown for genotype CWA (Fig. 2e). The
progression of these symptoms after 96 h is shown in Fig. 2f and
after 120 h in Fig. 2g. Genotypes CWC and CWE showed the highest
lesion score, reaching on average 3.5 and 3.3 respectively on a
rating scale from 0 to 5 (Table 5). Symptoms on the leaves of ge-
notypes CWC (susceptible) and CWD (resistant) one week after
inoculation are shown in Fig. 2h and i, respectively.

The rice (Oriza sativa) isolate Guy 11, which comes from French
Guyana, was also successful in producing disease symptoms among
the eight B. distachyon genotypes (P ¼ 0.0199), with the first
symptoms visible four days after inoculation. Except for genotype
CWF, which was highly resistant, all the other Brachypodium ge-
notypes responded identically to attack by this isolate. Most of the
Brachypodium genotypes (P ¼ 0.0031) tested were heavily attacked
byM. grisea isolate IE1K (Table 5). The aggressiveness of this isolate
was observed two days after inoculation, at which point symptoms
of the disease were clearly visible and the infection manifested as
brown spots, which continued to grow. Highly significant differ-
ences were found between Brachypodium genotypes with isolate
18-1 (P¼ 0.001) and isolate IA45 (P¼ 0.0007); however, only slight
symptoms of the disease were observed around five to six days
after inoculation. A week after inoculation, no further progress was
observed across most of the genotypes tested, except for genotype
CWC, which scored 3.0 on the rating scale, and genotype CWF,
which, in contrast, did not show any visible symptoms of the dis-
ease when inoculated with isolate 18-1.

Recently, BrachypodiumeM. grisea has been proposed as amodel
for plantefungus interaction studies using the isolate Guy 11, as its
fungal development and disease symptomatology resembles that
found in rice [4,49,50]. This study is the first attempt to investigate
whether other M. grisea isolates, apart from Guy 11, could colonize
Brachypodium and has shown that Brachypodium’s performance in
fact varied according to the isolate. While isolates 4090-1-5-8 and
Guy 11 clearly produced different levels of disease among Brachy-
podium genotypes, helping to discriminate between resistant and
susceptible genotypes, these isolates mainly attack different hosts,
with Guy 11 producing visible symptoms in rice and 4090-1-5-8
being more severe in lovegrass and goosegrass [37]. Furthermore,
isolates 18-1 and IA-45, which produced very few disease symp-
toms in the Brachypodium genotypes tested, have been previously
considered as moderately virulent in rice [51]; isolate IE1K, which
was very aggressive in Brachypodium, has also been reported as
highly virulent in rice [51]. CWF genotype was highly resistant
against most of theM. grisea isolates tested. It is important to test a
single isolate on many host genotypes to differentiate novel hoste
pathogen interactions. Concurrently, it is also important to test
numerous isolates on a single host genotype.

C. cereale: Highly significant differences were observed among
the different Brachypodium genotypes regarding foliar symptoms
(P ¼ 0.001) produced by C. cereale (Table 5). Genotypes CWD and
CWG were most susceptible to C. cereale, and genotype CWF was
the most resistant, showing no sign of the disease. In this case, leaf
tissue only (not root tissue) was used for symptom evaluation,
which started to be visible five days post-inoculation. Clearly,
C. cereale isolate 246 CgMA-1 induced a foliar disease in Brachy-
podium similar to a foliar blight reported in Poa annua; however, it
did not produce the known “basal rot” as previously reported in this
species and in other grasses [13]. In addition, genotype CWF did not
show any visible sign of disease, and although the disease devel-
oped in all of the other genotypes, none of the genotypes tested
were completely colonized by this pathogen. As other isolates of
C. cereale may or may not cause severe signs of the disease, it is
highly recommended that more isolates be tested in order to
determine the differences in resistance and susceptibility of
B. distachyon to this pathogen.

S. homoeocarpa:We have tested two different isolates of the soil-
borne pathogen S. homoeocarpa, which causes the dollar-spot dis-
ease in some grasses, for its ability to attack B. distachyon. Our results
showed that S. homoeocarpa started to colonize B. distachyon two
days after inoculation, with significant differences among the
different Brachypodium inbred lines and PIs when inoculated with
isolate S005044B (P ¼ 0.0001). Evaluations made one week post-
inoculation showed that CWA, CWF, CWG and CWJ were the most
resistant (Fig. 2b), while the rest of the Brachypodium genotypes had
an intermediate or relatively high level of susceptibility to isolate
S005044B (Table 6). In contrast, the genotypes tested with isolate
241 ShMp-2 did not show any significant differences (P¼ 0.4529) in
disease levels, all being intermediate in their levels of susceptibility
(Table 6). This work demonstrates that S. homoeocarpa is able to
colonize B. distachyon; further BrachypodiumeSclerotinia interaction
studies should be useful to determine the gene(s) responsible for the
resistance against this pathogen, making it possible to translate this
information to other grass species. For instance, considering that the
turfgrass industry reports billions of dollars of benefits, and
approximately 70% of the fungicides applied in golf courses aim to
control S. homoeocarpa and R. solani among other diseases [17],
more breeding efforts need to bemade in order to improve resistant
varieties for these type of diseases. Turfgrass could benefit from
information gained from B. distachyon as a model species.

P. aphanidermatum: The soil-borne pathogen P. aphaniderma-
tum, isolate P3, also caused disease on B. distachyon. Although no
significant differenceswere found among themajority of genotypes
tested (P ¼ 0.0750), in the final evaluation, one week post-
inoculation, genotypes CWA, CWB, CWC, CWD, and CWJ showed
similar levels of attack, and CWF showed hardly any symptoms at
this time (Table 6). This situation might be different if more isolates
were tested, as there was colonization of this pathogen on the
B. distachyon plants. Although these differential interactions were
weak, it may be important in the future to establish a more
definitive BrachypodiumePythium interaction, as this soil-borne



Fig. 2. Symptoms of Sclerotinia homoeocarpa (isolate S-00-5044B) infection on susceptible genotype CWC (a) and resistant genotype CWA (b) leaves 1 week after inoculation.
Symptoms of Ophiosphaerella agrostis (isolate 81 OpMO4) infection on susceptible genotype CWC (c) and partially resistant genotype CWG (d) leaves 2 weeks after root inoculation;
symptoms of Magnaporthe grisea (isolate 4090-1-5-8) infection on susceptible genotype CWA 48(e), 96 (f) and 120 (g) hours after inoculation and on genotypes CWC (h; partially
resistant) and CWD (i; resistant) leaves one week after inoculation.
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pathogen (among others) causes damping-off disease in grasses,
which diminishes normal development and therefore crop yield.

R. solani: Isolate RhBC 2-1-3 of the soil-borne pathogen R. solani
was used to test the eight B. distachyon genotypes for their resis-
tance or susceptibility to this pathogen. Isolate RhBC 2-1-3 caused
some symptoms on Brachypodium genotypes (P ¼ 0.001) one week
after inoculation, where genotypes CWC, CWD, and CWE showed
the highest level of infection and genotypes CWF and CWJ did not
show any signs of disease, even two weeks following inoculation
(Table 6).

M. poae, O. agrostis, O. korrae, and G. graminis var. avenae: The
soil-borne pathogens M. poae, O. agrostis, O. korrae, G. graminis var.
Table 6
Soil-borne pathogens scoring in different Brachypodium distachyon genotypes after 7
or 14 days following inoculation.

Genotypes Sclerotinia
homoeocarpaa

Pythiuma

aphanidermatum
Rhizoctoniab

solani

n S-00-
5044B

n 241 ShMp-2 n P3 n RhBC 2-1-3

CWA 7 1.2 d 6 3.2 ab 7 2.1 ab 3 1.0 c
CWB 8 3.9 a 6 3.3 a 8 2.4 a 4 1.5 bc
CWC 7 3.1 ab 6 2.8 ab 8 2.5 a 4 3.0 a
CWD 7 2.3 bc 6 2.8 ab 8 2.4 a 4 2.8 a
CWE 5 3.0 ab 6 2.6 ab 8 1.8 ab 4 3.0 a
CWF 6 1.5 cd 5 2.7 ab 4 0.8 b 4 0.0 d
CWG 5 1.5 cd 6 2.7 ab 7 1.7 ab 4 1.8 b
CWJ 5 1.5 cd 5 2.2 b 2 2.5 a 4 0.0 d

LSD (0.05) 1.13 0.95 0.91 0.58

Means followed by the same letter within each column were not significantly
different (p � 0.05) according to the Least Significant Difference (LSD) protected of
Fisher p � 0.05.

a Results are shown for disease presence after 7 days post inoculation.
b Results are shown for disease presence after 14 days post inoculation.
avenae, which are important pathogens for the turf-grass industry,
were evaluated for their pathogenesis against B. distachyon. Eval-
uations were made two to four weeks following inoculation, after
which point the symptoms of disease showed no further progress.
Highly significant differences were found among the Brachypodium
lines (P ¼ 0.0001) when infected with these pathogens. CWC was
found to be the most susceptible to three of the four pathogens
tested, reaching scores above 8.5, while for O. korrae, CWF was the
most susceptible genotype (Table 7). Genotype CWFwas also found
to be resistant to M. poae and G. graminis var. avenae, genotype
CWD to O. korrae and G. graminis var. avenae, and genotype CWG
partially resistant (Fig. 2d) to O. agrostis. Fig. 2c shows symptoms of
O. agrostis infection on susceptible genotype CWC, two weeks after
root inoculation.

Overall, our results have shown that, except for the FAW, the ge-
notypes CWF (PI 245730), which was originally from Turkey, and
CWG (PI 208216), from South Africa, were outstanding in terms of
resistance to most of the fungi and insects tested. It has been shown
previously that an inbred line derived from PI 245730 (CWF) was
susceptible to the attack of Puccinia graminis in threedifferent formae
speciales (f.s.), which included f.s. tritici, f.s. lolii, and f.s. phlei-pratensis
[7]. These contrasting results might be attributed to testing the PI
itself andnot the inbred.Heterogeneityhas beenpreviously reported
in theBrachypodium collected accessions [52]; therefore, inbred lines
were developed to overcome heterogeneity [3] or because PI 245730
does not possess resistance against P. graminis. However, we have
showed that this PI was susceptible toO. korrae, reinforcing the need
to establish plantebiotic stress interaction before starting functional
studies of candidate genes for cultivated grasses.

3.2. Defense responses of Brachypodium to pathogen attack

The results from the pathogen/insects-screening experiments
clearly showed significant susceptibility/resistance differences



Table 7
Scoringa for pathogens attacking the roots in different Brachypodium distachyon genotypes.

Genotype n Magnaporthe poae n Ophiosphaerella agrostis n Ophiosphaerella korrae n Gaeumannomyces graminis var. avenae
626 MpNY-2 81 OpMO4 548 OKCT-3 389 GGa CT-T

CWA 4 4.3 b 6 4.2 bc 3 5.3 b 4 4.8 c
CWB 3 2.5 cd 5 4.5 b 4 5.5 b 3 2.5 d
CWC 4 10.0 a 6 9.3 a 4 5.5 c 4 8.8 a
CWD 4 3.3 bc 6 2.3 bc 4 1.0 d 4 1.5 de
CWE 4 3.3 bc 6 4.3 bc 4 6.0 ab 3 4.5 c
CWF 4 1.0 d 6 2.3 bc 4 7.3 a 3 1.5 e
CWG 4 2.0 cd 6 1.8 c 4 2.3 c 4 1.3 e
CWJ 4 4.0 b 6 4.7 b 4 6.3 ab 3 7.0 b

LSD (0.05) 1.66 2.80 1.47 0.85

Means followed by the same letter within each column were not significantly different (p � 0.05) according to the Least Significant Difference (LSD) protected of Fisher
p � 0.05.

a Evaluations were made according to the time of appearance of the sign and symptoms of the disease. M. poae a month after inoculation; O. agrotis three weeks after
inoculation; O. korrae two weeks after inoculation; G. graminis two weeks after inoculation, on a scale from 1 to 10, where 1 ¼ no symptoms and 10 ¼ plant death.
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amongst the Brachypodium genotypes tested, with CWF and CWC
being overall the most resistant and most susceptible, respectively.
In an attempt to elucidate the possible factors involved in these
defense/resistance responses in Brachypodium, we determined the
activity of genes known to be involved in the activation of defense-
related pathways to pathogen attack in grasses such as rice, wheat,
and maize, as well as the model plant A. thaliana. This included
measurements of peroxidase enzyme activity and the expression of
key genes of the jasmonic acid (JA), salicylic acid (SA), phenyl-
propanoid (PP), and ethylene (ET) pathways.
3.2.1. Induction of peroxidase enzyme activity in resistant and
susceptible Brachypodium lines challenged with different pathogens

Pathogen-induced peroxidases have proved to be an effective
defense response against both pathogen [27] and insect attack
[28,29] and are well known for belonging to a large multigene
family participating in a broad range of physiological processes,
such as lignin and suberin formation, cross-linking of cell wall
components, and metabolism of ROS and RNS [26].

The Brachypodium genotypes chosen for determining the levels
of peroxidase (POX) activity following infection with different
microorganisms were selected based on their response to the
different pathogens and included the most-resistant and most-
susceptible genotypes. In order to determine if POX is involved in
the phenotypic resistance observed when Brachypodium lines were
infected with the pathogens S. homoeocarpa and O. agrostis, per-
oxidases activity was investigated following infection of Brachy-
podium genotypes with S. homoeocarpa and O. agrostis.
Brachypodium genotypes included the most-resistant and most-
susceptible genotypes. Peroxidase activity was not investigated in
the Brachypodium-insect interaction due to the poor response
produced with the FAW and RWA. ANOVA showed no significant
difference for POX activity, in either susceptible CWB (P ¼ 0.5219)
or resistant CWF (P ¼ 0.3811) genotypes, at the different time
points tested following inoculation with S. homoeocarpa isolate S-
00-5044B (Fig. 3a). Similarly, POX activity in the susceptible ge-
notype CWC and resistant genotype CWG to O. agrostis isolate 81
OpMO4 increased over 96 h following inoculation, with the
increased activity in the resistant genotype being higher than in
the susceptible one at each time point; however, differences among
the different time points within each genotype were not significant
(CWG, P ¼ 0.469 and CWC, P ¼ 0.5116) (Fig. 3b). Following inocu-
lation with the foliar pathogenM. grisea isolate Guy 11 over 48 h, a
non-replicated experiment showed that POX activity increased in
resistant genotype CWF, reaching the highest level at 24 h after
inoculation and a plateau in activity by 48 h, while POX activity in
the susceptible genotype CWD showed little increase in activity
(Fig. 3c).

When challenged with C. cereale isolate 246 CgMA-1, POX ac-
tivity in resistance (CWF) and susceptibility (CWD) genotypes over
96 h following inoculation was found to be opposite to that ex-
pected: genotype CWD had a higher POX activity than genotype
CWF. POX activity in CWD peaked 96 h after inoculation, while in
CWF, POX activity peaked 72 h after inoculation (Fig. 3d). A similar
result was found for POX activity in CWA and CWF genotypes when
inoculated with the root-attacking pathogen M. poae isolate 626
MpNY-2 over 120 h following root inoculation, with POX activity
being higher in the susceptible CWA genotype compared to the
resistant CWF genotype (Fig. 3e).

Considering that little importance has been given to soil-borne
plant/pathogen interaction in grasses, with limited studies in this
field, we investigated possible resistance factors that may be
involved in triggering responses in Brachypodium when infected
with the soil-borne pathogens S. homoeocarpa and O. agrostis and
preliminarily with M. poae, compared with the foliar pathogens
M. grisea and C. colletotrichum. Similar to our results in Brachypo-
dium, when infected with S. homoeocarpa, C. cereale, and M. poae,
unexpectedly higher POX activity was also found in susceptible
genotypes of wheat when inoculated with Fusarium graminearum
[53] and in barley inoculated with Erysiphe graminis f.sp. hordei
[54]. However, an increase in peroxidase activity has been reported
in wheat when infected by Puccinia triticina [55], by Pyricularia
grisea [56], or by P. orizae [57] in comparison with Brachypodium
genotype CWF, which showed an increase in POX activity when
infected with M. grisea (formerly P. grisea) (Fig. 3c). It should be
stressed that POX activity levels reported in wheat following
infection with different pathogens were much higher (over
100 mmol mg protein�1 min�1) compared to values found in Bra-
chypodium, as shown in Fig. 3.

Interestingly, 138 peroxidase genes have been found in rice,
twice as many as in A. thaliana [16,27], and POX activity in rice has
been shown to increase in resistant cultivars in response to fungal
attack by pathogens such as Bipolaris oryzae [58] and R. solani [59].
Recently it has been reported that 106 of the POX genes in
B. distachyon are not highly expressed [60], whichmight explain the
low POX activity levels found in the pathosystems reported in the
present study. Although POXmay play an important role in defense
mechanisms in grassesdand because a lack of correspondence
between POX enzyme activity and pathogen resistance in both the
dicot A. thaliana and in the monocot rice has been reporteddthese
factors suggest that POX should be studied in greater detail in
B. distachyon, as different interactions might lead to different re-
sponses that could be plant/pathogen specific.



Fig. 3. Changes in peroxidase activity expressed as mmoles/mg protein/min in B. distachyon accessions (a) 48 h after inoculation of CWB(S) and CWF(R) with Sclerotinia homoe-
ocarpa isolate S-00-544B; (b) 96 h after inoculation of CWC(S) and CWG(R) with Ophiosphaerella agrostis isolate 81 OpMO4; (c) 48 h after inoculation of CWD(S) and CWF(R) with
Magnaporthe grisea isolate Guy 11; (d) 96 h after inoculation of CWD(S) and CWF(R) with Colletotrichum cereale isolate 246 CgMA-1; (e) 120 h after inoculation of CWA(S) and
CWF(R) with Magnaporthe poae isolate MpNY-2.
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3.2.2. Changes in the level of expression of key genes of defense-
related pathways in resistant and susceptible Brachypodium
genotypes challenged with different pathogens

The most significant differences in levels of resistance or sus-
ceptibility among the Brachypodium genotypes were found
following infection with S. homoeocarpa. The transcript levels of
some of the key genes likely involved in different pathogen-defense
pathways were determined in order to understand the differences
in disease resistance between these lines.

Aminocyclopropane-1-carboxylic acid (ACC). Although expression of
ACC synthase, a key enzyme in the ethylene biosynthesis pathway,
increased in the resistant genotype CWF 24 and 48 h post inocu-
lation (hpi) with S. homoeocarpa, this was not statistically signifi-
cant at (P ¼ 0.611) and (P ¼ 0872), respectively. The susceptible
genotype CWB showed relatively small increases in expression of
the ACC synthase at 24 hpi (P ¼ 0.848) decreasing at 48 hpi
(P¼ 0.503). Despite the fact that the changes observed between the
different time-points were not significant within a genotype, the
increase in ACC synthase expression shown here seems to indicate
that the transcript levels for ACC synthase are higher in the resis-
tant genotype CWF compared to susceptible genotype CWB
(Fig. 4a).

Peroxidase (POX2). As indicated by increased mRNA levels deter-
mined by RT-PCR, the POX2 (Fig. 4b) and COI1 (not shown) genes
did not show a significant change in expression in the resistant
CWB genotype at either 24 hpi (P¼ 0.79 and P¼ 0.972 for POX2 and
COI1, respectively) or at 48 hpi (P ¼ 0.119 and P ¼ 0.582 for POX2
and COI1, respectively). In CWB, POX2 transcript levels increased
after 24 hpi with S. homoeocarpa, but not significantly (P ¼ 0.347),
and levels immediately decreased at 48 hpi (P¼ 0.478). As observed
in Fig. 4b, the transcript levels of POX were higher in CWB
compared to CWF.

4-Coumarate CoA ligase (4CL). The transcription levels for 4CL in
the resistant CWF genotype showed no significant change after
24 h following inoculation with S. homoeocarpa (24 hpi P ¼ 0.564)
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(Fig. 4c). However, the dramatic decrease in expression levels after
48 hpi was highly significant (P¼ 0.022). Although some changes in
4CL expression have been shown in the CWB genotype, along with
the time-points studied following inoculation with S. homoeocarpa,
no significant changes were detected either at 24 hpi (P ¼ 0.327) or
48 hpi (P ¼ 0.759) (Fig. 4c). Following inoculation with O. agrotis
isolate OpMO4, the transcription levels of 4CL in the resistant ge-
notype CWG increased after 48 hpi (P ¼ 0.360), being significantly
higher at 96 hpi (P ¼ 0.04). Following inoculation with O. agrostis,
the increased expression in levels of 4CL in the resistant genotype
CWG contrasted with the down-regulation in expression in the
susceptible genotype CWC at 96 hpi (P ¼ 0.027) (Fig. 4f). We have
also observed a down-regulation of the expression of 4CL in the
resistant genotype CWF when infected with M. grisea isolate 4091-
5-8, even though the transcript levels for this gene were not
significantly high (P¼ 0.849 at 24 hpi and P¼ 0.748 at 48 hpi) (data
not shown).

Lipoxygenase 3 (LOX3). The transcription levels of the LOX3 gene in
the JA pathway studied here were up-regulated in the resistant
CWF genotype at 24 hpi (P ¼ 0.703) with a decrease observed at
48 hpi (P¼ 0.810) following inoculationwith S. homoeocarpa isolate
S-00-5044B. Following inoculation, changes in LOX3 expression at
the different time-points were barely observed in CWB (P ¼ 0.828
at 24 hpi and P¼ 0.622 at 48 hpi) (Fig. 4d). We have also observed a
down-regulation of the expression of LOX3 at 48 hpi (P ¼ 0.516),
which was significantly up-regulated at 96 hpi (P ¼ 0.005) in the
resistant genotype CWG following inoculation with O. agrotis
isolate OpMO4 (data not shown).

Non-expressor of pathogenesis-related genes 1 (NPR1). While the
NPR1 gene of the SA pathwaywas significantly suppressed at 48 hpi
(P ¼ 0.0001) in the resistant genotype CWF, its expression in CWB
Fig. 4. Log-transformed relative quantification values (RT) of expression of genes involved
B. distachyon accession over 48 h following inoculation with S. homoeocarpa isolate S-0
pathway; (b) POX: peroxidase; (c) 4CL: 4-coumarate:CoA ligase for the phenylpropanoid pa
genes 1 for salicylic acid pathway and (f) for a resistant (CWG) and a susceptible (CWC) Brach
81 OpMO4, for 4CL for the phenylpropanoid pathway. The number of n is equal to 3 replic
increased at 24 hpi, but not significantly (P ¼ 0.828), and decreased
at 48 hpi (P ¼ 0.486) (Fig. 4e).

It has been shown that ethylene and jasmonic acid can act
synergistically or antagonistically in response to stresses, and the
relationship between these two pathways has been demonstrated
genetically to be due to the transcription factor of ERF1 (Ethylene
Response Factor 1) [61]. It is not surprising that plants, immediately
after infection, can deploy a series of defenses such as those elicited
by JA and ET dependent genes. Our results also show the increase in
expression of 4CL following inoculationwith S. homoeocarpa, which
in combination with other enzymes is required for the activation of
the phenylpropanoid pathway [62] and has been reported to be
involved in the resistance of plants against pathogens [63]. It is also
evident that fungal endo-xylanases can trigger pathogen responses
[64,65], and expression of a Trichoderma reesei endo-xylanase in tall
fescue under a senescence promoter targeted to the apoplast has
been shown to trigger plant defense responses analogous to path-
ogen attack, leading to increased cell wall ferulate dimerizationda
response that is likely to be mediated by ethylene and H2O2 [66].
This is consistent with results when infected Brachypodium plants
showed an increase in expression levels of ACC synthase following
inoculation with S. homoeocarpa and O. agrostis, pathogens known
to secrete xylanase. Peroxidases gene expression showed the same
response pattern as LOX3 and COI1 in both the resistant (CWF) and
susceptible (CWB) genotypes, namely and respectively with an in-
crease in expression at 24 h and a decrease at 48 h following
infestation with S. homoeocarpa. However, when the relative levels
of expression are compared between CWF and CWB (Fig. 4b), the
susceptible genotype CWB had a higher expression level of POX in
agreement with its higher level of enzyme activity (Fig. 3a).

Salicylic acid (SA) has proved to play a role in activation of plant
defense against pathogens [25], with (NPR1) as the key transducer
for activation of systemic acquired resistance (SAR) by SA. In this
in different pathogen defence pathways for a resistant (CWF) and a susceptible (CWB)
0-5044B. (a) ACC: 1-aminocyclopropane-1-carboxylic acid synthase for the ethylene
thway; (d) LOX3: lipoxygenase 3 and (e) NPR1: non-expressor of pathogenesis-related
ypodium accession over 96 h following inoculation with Ophiosphaerella agrostis isolate
ates; each replicate consisted of 3 biological replicates.
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work, this gene was down-regulated when CWF was infected with
S. homoeocarpa. Taking into account that S. homoeocarpa is a
necrotrophic pathogen and that the hormone that seems to be
activated is JA and/or ET, when Brachypodium lines are infected
with this type of pathogen, it is not surprising that NPR1was down-
regulated, as it has been shown that the activation of one hormone,
whether SA or JA, can suppress the action of the other in A. thaliana
[30,31]. At this point we do not have enough data to determine if
the synergism between JA and ET could happen in B. distachyon as
in A. thaliana [64], but to study this synergism further as a possible
defense mechanism could prove to be very interesting.

Inoculation of the roots of resistant genotype CWG with
O. agrotis isolate OpMO4 resulted in an increase in expression of
4CL, as shown by the increase in its transcription levels, in the leaf
tissue at 48 hpi (P ¼ 0.360), being significantly higher at 96 hpi
(P ¼ 0.04). The increased expression in levels of 4CL in the resistant
genotype CWG following infection with O. agrostis contrasted with
the down-regulation in expression in the susceptible genotype
CWC at 96 hpi (P ¼ 0.027) (Fig. 4f). In contrast, we have observed a
suppression of the expression of LOX3 (down-regulation) at 48 hpi
(P ¼ 0.516), which was significantly up-regulated at 96 hpi
(P ¼ 0.005) (data not shown). A similar trend was observed for 4CL
expression in the leaves of resistant genotype CWF when infected
with M. grisea isolate 4091-5-8, even though the transcript levels
for this gene were not significantly high (P ¼ 0.849 at 24 hpi and
P ¼ 0.748 at 48 hpi) (data not shown).

It has been demonstrated that resistance against pathogens can
be attributed to multiple factors, and this may be the case in the
resistance of genotype CWG when the roots were infected with
O. agrostis and in genotype CWF when infected with M. grisea. In
contrast to what was previously found with S. homoeocarpa, POX
activities in the resistant genotypes CWG and CWF were higher
when compared to the susceptible lines CWC and CWD. In addition,
only 4CL seemed to be activated when Brachypodium was inocu-
lated with O. agrostis and M. grisea. Like phenylalanine ammonia-
lyase (PAL) and cinnamate-4-hydroxylase (C4H), 4CL enzyme is
also required for the biosynthesis of compounds generated through
the phenylpropanoid pathway, such as flavonoids and lignin [62].
As such, further studies are necessary to better understand pro-
cesses such as the accumulation of flavonoids and lignin deposition,
among others, that may be happening in the model grass in
response to the attack of different pathogens. The high expression
found for one of the genes responsible for the phenylpropanoid
pathway in this work is opening the opportunity to investigate such
specific topics using the interactions proposed in this investigation.

In conclusion, establishing such plantepathogen interactions in
Brachypodium as an alternative host will be helpful to understand
the factors responsible for plant resistance/susceptibility and in
developing better control regimes for pests and diseases attacking
cultivated grasses. Significantly faster developments are more
likely to be made with Brachypodium as compared to other grasses,
as it is inbreeding, easy to grow, has a short life cycle and a small
genome, and highly inbred lines are available for studydfactors
that can significantly accelerate research programs. The fungi
described here, such as S. homoeocarpa, O agrostis, R. solani and
O. korrae, which were able to colonize B. distachyon and which are
relevant pathogens of the turfgrass industry as well of other culti-
vated grasses, could serve well for those purposes. The increased
interest in grasses for biofuel production during recent years is also
likely to lead to increasing levels of biotic stresses, as these species
could be subjected to monoculture conditions [14,67]. In addition,
increased efforts are being put into modifying the cell wall
composition of grasses in order to increase their degradability and
reduce the costs involved in ethanol production. Such attempts to
modify lignin and cellulose [67], or to decrease cell wall ferulate
cross-links [66,68], may well have significant impacts on their pa-
thology. An example of this is the demonstration that reducing the
level of cell wall ferulate cross-linking in tall fescue (F. arundinacea)
by expressing an Aspergillus niger ferulic acid esterase had a positive
effect on all measures of armyworm larval performance examined
and demonstrated that susceptibility to insect herbivores could be
increased when the level of ferulate cross-linking in grass cell walls
was reduced [69].
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