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Abstract

A strict gluten-free diet (GFD) is the only currently available therapeutic treatment for patients with celiac disease (CD).
Traditionally, treatment with a GFD has excluded wheat, barley and rye, while the presence of oats is a subject of debate.
The most-recent research indicates that some cultivars of oats can be a safe part of a GFD. In order to elucidate the toxicity
of the prolamins from oat varieties with low, medium, and high CD toxicity, the avenin genes of these varieties were cloned
and sequenced, and their expression quantified throughout the grain development. At the protein level, we have
accomplished an exhaustive characterization and quantification of avenins by RP-HPLC and an analysis of immunogenicity
of peptides present in prolamins of different oat cultivars. Avenin sequences were classified into three different groups,
which have homology with S-rich prolamins of Triticeae. Avenin proteins presented a lower proline content than that of
wheat gliadin; this may contribute to the low toxicity shown by oat avenins. The expression of avenin genes throughout the
development stages has shown a pattern similar to that of prolamins of wheat and barley. RP-HPLC chromatograms showed
protein peaks in the alcohol-soluble and reduced-soluble fractions. Therefore, oat grains had both monomeric and
polymeric avenins, termed in this paper gliadin- and glutenin-like avenins. We found a direct correlation between the
immunogenicity of the different oat varieties and the presence of the specific peptides with a higher/lower potential
immunotoxicity. The specific peptides from the oat variety with the highest toxicity have shown a higher potential
immunotoxicity. These results suggest that there is wide range of variation of potential immunotoxicity of oat cultivars that
could be due to differences in the degree of immunogenicity in their sequences.
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Introduction inflammatory response in the small intestine that leads to flattening
of the mucosa [3]. Currently, the only effective treatment for CD is

Celiac disease (CD) is an autoimmune disorder with genetic, to maintain a strict gluten-free diet throughout life. However, this

environmental, and immunological components as a consequence
of sensitivity to gluten proteins present in cereals. The peptides
produced in the digestive tract by the partial digestion of gluten
from wheat, barley, rye and possibly oats, cause inflammation of
the small intestine and villous atrophy. The prevalence of CD in
Western countries is about one in 250 people, but estimates of up
to 1% of the population have been made [1,2]. The response is a
consequence of deamidation of glutamine residues in peptides,
resulting from activity of the tissue transglutaminase (tT'G) in the
gut mucosa. The modified peptides are able to bind to class II
human histocompatibility leukocyte antigen (HLA) molecules
DQ2 and DQ8, which stimulate T-cells, resulting in an

is complicated as gluten is a ubiquitous additive in most sectors of
the prepared-food industry.

Gluten is a complex mixture of polypeptides present in cereals
such as wheat, barley, rye, and oats. In wheat, gluten consists of
two fractions: an ethanol soluble one, termed gliadins, and the
other insoluble termed glutenin [4,5]. The homologous ethanol
soluble fractions of barley, rye, and oats, are termed hordeins,
secalins, and avenins respectively. The availability of full amino
acid sequences has shown that this group of proteins has high
content of proline and glutamine and, for that reason, has been
termed prolamins [6].
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The main immunogenic components of wheat gluten are the
gliadins, a family of proteins characterized by their high content of
proline and glutamine residues, 15% and 35% respectively [7].
Two monoclonal antibodies (moAbs), G12 and Al [8,9], were
developed against 33-mer, a major immunotoxic peptide from o-2
gliadin [10]. These antibodies also recognize with high sensitivity
other immunotoxic peptides from wheat, barley, and rye. Analysis
of T-cell reactivity and detoxification proteins showed that the
signal of these antibodies was correlated with the toxic potential of
samples for celiac patients [8]. In those studies, the G12 antibody
showed cross-reactivity that was used to detect avenin in oats,
although with lower sensitivity than for the prolamins of wheat,
barley, or rye. The monoclonal antibody G12 has three
recognition epitopes along the sequence of the 33-mer. Thus,
the lower sensitivity shown by the G12 antibody against prolamins
from oats may be due to the lower affinity for the epitopes present
in avenins.

Cultivated oats are hexaploid cereals belonging to the genus
Avena L., which is found worldwide in almost all agricultural
environments (reviewed by [11]). Recently, oats have been
receiving increasing interest as human food, mainly because the
cereal could be suitable for consumptions by celiac patients [12].
Oats have other nutritional attributes such as those derived from
B-glucan content [13], or the protein amino acid composition [14].

The inclusion of oats in “gluten-free” foods is controversial, as
previous studies have shown contradictory results on its toxicity.
Some researchers claim that celiac patients can tolerate oats
without signs of intestinal inflammation [12]. However, other
studies confirm the toxicity of oats in certain types of celiac
patients [15,16]. More recently, the utility of the G12 antibody to
identify potentially toxic oat varieties for celiac patients has been
reported [17]. This finding allowed classification of oat varieties
into three groups based in their degree of affinity for the G12
antibody: a highly recognized group, one of moderate recognition,
and one with no reactivity [17]. The reactivity that T-cells isolated
from celiac patients exhibited with three oat varieties (one from
each of the classified groups) correlated directly with the moAb
G12 reactivity. The diversity observed in the reactivity to the
different oat cultivars suggests variations in the avenin composi-
tion, and therefore in the amount of immunotoxic epitopes similar
to the 33-mer present in these varieties.

In comparison with wheat gliadins, the avenins have been little
studied, and the number of full avenin genes present at the
moment in the databases is limited and from few genotypes, so
that the variability of avenin genes in oats is not well represented.
With this background, the aim of the present work was to obtain
further gene sequences from different toxic and non-toxic varieties
of oats in order to provide more information on the structure of
avenin genes and on the evolutionary relationships with the
prolamins and glutenins of wheat and other cereals. It also would
facilitate the identification of toxic epitopes described in other
cereals that might be present in oats. Furthermore, these sequences
could lead to the discovery of new undescribed toxic epitopes in
cereals and explain why certain varieties of oats are toxic for celiac
patients and others are not. In this work we demonstrate that oat
grains have both monomeric and polymeric avenins, designated in
this paper gliadin- and glutenin-like avenins. We found a direct
correlation between the immunogenicity of the different varieties
of oats and the presence of the specific peptides with a higher/
lower potential immunotoxicity. Our results suggest that there is a
wide range of variation in the potential immunotoxicity of oat
cultivars that could be due to differences in the degree of
immunogenicity in their sequences.
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Materials and Methods

Plant material

Oats (dvena sativa L..) from cultivars designated OM719, OH727,
OF720 and OP722 [17] and Trticum aestivum cv ‘Bobwhite 208’
(BW 208) were used in this work. Plants were grown in pot of
1 liter filled with a potting mixture of 1 part of Floragard Universal
Potting Soil (FloraGard Product), 1 part of sand and 1 g/L of
mixture of Osmocote Exact Standard (Scotts® Professional
products) in a greenhouse with supplementary light to extend
the photoperiod to a day/night regimen of 12/12. These cultivars
were chosen based on their previously reported CD toxicity [17].
Cultivar OM719 was highly toxic, cultivar OH727 was moder-
ately toxic and cultivars OF720 and OP722 were non-toxic [17].

In this work, the oat seeds were collected at 23 days post
anthesis (DPA) for the amplification and cloning of gliadin-like
avenin genes and at 0, 4, 8, 12, 20 and 28 DPA for the
quantification of avenin genes expression.

RP-HPLC

Oat samples and a wheat control were dehulled manually and
ground in a Retsch MM200 (Retsch GmbH & Co., Haan,
Germany) ball mill with stainless steel balls. Prolamins were
extracted from oat and wheat flours using a modified classical
Osborne procedure based on proteins solubility [5].

The gliadin-like avenin fraction from 100 mg of flour was
extracted stepwise three times with 670 uL of 60% (v/v) ethanol,
vortexing for 2 min at room temperature (RT), followed by
incubation at RT for 10 min with shaking. Samples were
centrifuged at 6,000x g. for 20 min, and the supernatants were
collected and mixed together. The insoluble material from the
previous step was used to obtain the glutenin-like fraction, which
was extracted stepwise twice with 500 puL of 50% (v/v) 1-propanol,
2 M urea, 0.05 M Tris-HCI (pH 7.5) and 2% (w/v) DTT,
vortexing for 2 min at RT and incubating for 15 min at 60°C with
shaking. Samples were centrifuged at 6,000 g. for 20 min, and
the supernatants were collected and mixed together. Finally,
samples were filtered through a 0.45 um nylon filter (Teknokroma,
Barcelona, Spain).

Gliadin-like (100 pL) and glutenin-like (100 puL) extracts were
applied to a 300SB-C8 reversed-phase analytical
(4.6x250 mm, 5 pum particle size, 300 A pore size; Agilent
Technologies) using a 1200 Series Quaternary LG System liquid
chromatograph (Agilent Technologies) with a diode-array ultravi-
olet-visible detector (DAD UV-V), as described by [18]. The
software, with some minor manual adjustment, handled the
integration procedure automatically. Absolute amounts of gliadin
and glutenin fractions were determined using bovine serum
albumin (BSA; BSA =98%, fraction V. Sigma-Aldrich, St
Louis,MO, cat. no. A3294) as protein standard. Three indepen-
dent repetitions were carried out for each oat line. The ®-, o- and
v-gliadins for the ethanol-soluble fraction and the HMW and
LMW subunits for the reduced-soluble fraction were identify in
the RP-HPLC chromatograms by elution order and retention
times according to [3].

All analyses and plots were conducted with the statistical
software R version 2.14.1 [19]. Data were tested for normal
distribution using the Shapiro-Wilk test (function shapiro.test,
package stats) [20], and for homogeneity of variances with the
Levene’s test (function leveneTest, package car) [20]. The differences
between the oat lines were assessed using one way analysis of
variance, followed by LSD (Least Significant Difference) multiple-
comparison test (function LSD.test, package agricolae) [21]. Plots

column
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(Figure 1, Figure SI and Figure S2) were generated with the
function matplot (package graphics).

RNA isolation and synthesis of cDNA

Oat seeds were collected in liquid nitrogen and stored at —80°C
until use. Frozen seeds were pulverized under liquid nitrogen.
Total RNA was isolated using the Trizol reagent (Invitrogen,
Carlsbad, California, USA) with modifications of the company’s
instructions due the high polysaccharide content of the grains and
treated with DNase I (RNase-free) (Ambion, Austin, Texas, USA)
to eliminate any DNA contamination. For the gene expression
analysis, RNA was purified using the RNeasy mini kit (Qiagen,-
Valencia, California, USA). First-strand cDNA was synthesized
from 2 ug of total RNA, using oligo (dT) primer, random
nanomers and M-MLV reverse transcriptase (Invitrogen, Carls-
bad, California, USA) in 20 puL total volume according to the
manufacturer’s instructions. cDNA samples were diluted with an
additional 80 pL of milliQ) water.

Amplification of gliadin-like avenin genes

Three primers, one forward and two reverse (AvenG-1F,
AvenG-1R, AvenG-2R), were developed for the amplification of
oat prolamin genes (Table 1). These primers were designed based
on avenin-coding sequences/regions (GenBank accession
no. DQ370180, M38722, MS83381, J05486, M38721,
CK780254, and CK780283). cDNA PCR amplifications with
primer combinations AvenG-1F/AvenG-1R  and AvenG-1F/
AvenG-2R were conducted in 25 pL reaction volume consisting
of 2 uL. ¢cDNA dilution, 0.2 mM dNTPs (Promega, Madison,
Wisconsin, USA), 0.2 uM of each primer, 2 mM MgCl,, 1X PCR
buffer and 2 units of Tag DNA polymerase (Bioline, Boston,
Massachusetts, USA). The cycling parameters were 28 cycles of
94°C for 15 s, 68°C for 30 s (decreasing 0.5°C: each cycle), and
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72°C for 1 min, followed by 30 cycles of 94°C for 15 s, 56°C for
30s, and 72°C for 1 min. The electrophoretic separation of
amplified products was conducted on 1% agarose gel in 0.5X Tris-
borate-EDTA (TBE) buffer.

Cloning and sequencing of PCR products and sequence
analysis

The resulting products of PCR amplification were subjected to
ligation into the pGEM-T Easy vector (Promega, Madison,
Wisconsin, USA), and introduced into competent Escherichia coli
(DHb5a) cells by heat shock transformation. The positive colonies
were amplified using M 13 universal primers to identify the clones
with an insert. The plasmid was isolated and purified using a
QIAprep Spin Miniprep Kit from Qiagen (Valencia, California,
USA) and used as a sequencing template. A minimum of three
clones from each PCR product were sequenced. The sequence
analysis was conducted using the MEGA4 and CLC Main
Workbench 6.2 (CLC Bio website. Available:http://www.clcbio.
com. Accessed 2012 October 16.) software, and the programs
available in the NCBI and EBI network (NCBI and EBI websites.
Available:  http://www.ncbi.nlm.nih/gov/, http://www.ebi.ac.
uk/. Accessed 2012 October 16).

Amino acid composition

Protein sequences from 7. aestivum of each prolamin group were
searched in the NCBI protein database (NCBI protein database
website. Awvailable: http://www.nchi.nlm.nih.gov/protein. Ac-
cessed 2012 January 21.) using the following keywords and filter:
for y-gliadin, (y gliadin) AND “Triticum aestivum”[porgn:__t-
xid4565]; for ®-gliadin, (® gliadin) AND “Triticum aestivum’[-
porgn:__txid4565]; for o-gliadin, (o0 gliadin) AND “Triticum
aestivum”’[porgn:__txid4565]; for HMW-GS, (HMW) AND
“Triticum aestivum”[porgn:__txid4565]; and for LMW-GS,
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Figure 1. RP-HPLC chromatograms of prolamin extracts from different oat varieties and bread wheat (BW208). (A) Gliadin and gliadin-
like extracts from four oat varieties and bread wheat used as reference. (B) Glutenin and glutenin-like extracts from oat varieties and bread wheat
used as reference. o, o-gliadins and w-gliadin-like fraction; o, a-gliadins and a-gliadin-like fraction; v, y-gliadins and y-gliadin-like fraction; HMW, high-
molecular-weight glutenin subunit (HMW-GS) and HMW-GS-like fraction; LMW, low-molecular-weight glutenin subunit (LMW-GS) and LMW-GS-like
fraction. mAU (210 nm), milliunits of absorbance at 210 nm; min, retention time in minutes.

doi:10.1371/journal.pone.0048365.g001
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Table 1. PCR primers used for cloning, characterization and

quantification of avenin genes.

Primer Description Sequence (5'—3’)

AvenG-1F Forward primer for ATGAAGAMCTTYCTCATCHTTGC
avenin genes

AvenG-1R Reverse primer for TYAGAAGCCACYGAGMGGG
avenin genes

AvenG-2R Reverse primer for TTAGCAACCACCAATGCC
avenin genes

AvenB-q1F Forward for group A GGTCTCGTTCAGCCTCAGAC
quantification

AvenB-q1R Reverse for group A GTCTGCATCGCTACCACCTT
quantification

AvenA2-q1F Forward for group B TGAGCAACAACAGCCAATTC
quantification

AvenA2-q1R Reverse for group B CTGTTGCACGAGGAACTGC
quantification

AvenAl-q1F Forward for group C ATCCTGCGACAGGCCATCT
quantification

AvenAl-q1R Reverse for group C GCTTGCACTACGCTGTGGAT
quantification

doi:10.1371/journal.pone.0048365.t001

LMW) AND “Triticum aestivum”[porgn:__txid4565]. The
percentage of each amino acid was calculated for wheat prolamin
sequences and for the avenins sequences reported in this paper,
using the bioperl script aacomp.PLS (Bioperl website. Available:
http://www.bioperl.org/wiki/Bioperl_scripts. Accessed 2012 Oc-
tober 16.). The average percentage of amino acid composition
over their respective sequences of each protein group was
estimated.

All analyses and plots were conducted with the statistical
software R version 2.14.1 [19]. The differences between amino
acids percentages were assessed using one-way analysis of variance
(function anova, package stats), and the multiple-comparisons were
carried out with Tukey’s HSD (Honestly Significant Difference)
test to be more conservative in the conclusions and because the
design was unbalanced (function HSD.test, package agricolae) [21].
Plots (Figure S3) were generated with the function barplot2
(package gplots) [22]. We calculated the major amino acid in each
group of prolamins. Amino acids considered major were those
with a higher content and whose cumulative percentage was more
than 50% of total amino acids of the protein sequences for each

group.

Quantitative real time PCR (qRT-PCR) of avenin genes

For the quantification of avenin gene expression we used the
OM719, OH727, and OF720 varieties, one for each class of
immunotoxicity as described previously by Comino et al., 2011.
Three plants for each stage were analyzed using qRT-PCR.
Developing grains were harvested at 0, 4, 8, 12, 20 and 28 DPA
corresponding to growth stage numbers X6.1, 27.02, 27.08, Z7.1,
727.5, and Z8.7 respectively, according to the Zadoks code [23].
Grains were harvested and bulked from the central part of heads
from the primary tiller.

The gene-specific primers AvenB-qlF/AvenB-qlR, AvenA2-
qlF/AvenA2-q1R, and AvenAl-q1F/AvenAl-qlR (Table 1) were
used for the analysis of avenin gene expression. These primers
were designed to amplify genes from each group of the neighbor-
joining tree constructed using the full protein sequences. qRT-
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PCR was performed with a 7300 Real-Time PCR System
(Applied Biosystems, Foster City, California, USA) using SYBR
Green PCR Master Mix (Roche, Basel, Switzerland). The qRT-
PCR reaction conditions for thermal cycling were following: 50°C
for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s
and 60°C for 1 min. Amplification specificity was verified with a
heat dissociation protocol (melting curves in 60-95°C range) in the
final step of PCR. All primer pairs showed a single peak on the
melting curve, and a single band was visualized after separation by
agarose gel electrophoresis.

Peptic-trypsic-chymotrypsin digestion

The alcohol-soluble protein fraction was extracted from wheat
and rice whole flour (positive and negative control, respectively)
and subjected to peptic, trypsin and chymotrypsin sequential
digestion according to [17].

Synthesis of peptides

The peptides Q-14-5 (QOPFVQOOQOOQPFVQ), 0O-14
(QOQPFMOQOQQPFMQP), 0O-14-1 (QYQPYPEQQEPFVQ)
and Q-14-3 (QOQPFVOQOQOQOPFVQQ), were supplied by Biome-
dal S.L. (Sevilla, Spain).

Histological and serological analysis of subjects

Fourteen patients with biopsy-proven active CD were included
in this study. The diagnosis of CD in the patients was determined
by serological screening tests accompanied by biopsy of the small
intestine according to the criteria of Marsh [24] and confirmation
of a clinical response to gluten elimination from the diet. Subjects
were prospectively screened for CD wusing anti-endomysial
antibodies, (TG antibodies and CD-specific HLA (human
leukocyte antigen) typing (Table 2). Venous blood was taken at
the time of index biopsy. The study was approved by the ethics
committee of the “Virgen de las Nieves’ Hospital, Granada (Spain),
and informed consent was obtained.

Peripheral blood mononuclear cells (PBMCs) and cell
cultures

PBMCis from patients with active CD who were on a gluten-
containing diet were isolated from 6 mL of heparinized blood by
Histopaque gradient centrifugation, and cultured at a density of
1x10° cells/mL in RPMI-1640 culture medium. After 48 h,
PBMCs were incubated with avenin, gliadin and rice prolamin
peptides (50 pg/mL).

Cell proliferation analysis

T-cell proliferation was determined after 48 h of incubation
using the ELISA 5-bromo-2-deoxyuridine cell proliferation test
(Millipore Chemicon, Temecula, California, USA). The stimula-
tion index (SI) value was calculated by dividing the mean
absorbance/10 at 450 nm after stimulation by the mean
absorbance of T-cells exposed to the culture medium alone
(negative control) and divided by 10. The proliferation of PBMCs
exposed to the different peptides of oat prolamins was expressed as
the mean fluorescence intensity 48 h after exposure.

IFN-y production

Supernatants from PBMC culture were collected after 48 h and
stored at —80°C for IFN-y determination using a commercial
ELISA kit in accordance with the manufacturer’s instructions
(Thermo Scientific, Madrid, Spain). Standards were run on each
plate. The sensitivity of the assay was <2 pg/mlL.
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Statistical analysis of T-cell and IFN-y assays

Each experiment was carried out in duplicate on separate days.
Data are expressed as mean * SD. All statistical analysis was
performed with the STATGRAPHICS program. When the
interaction was significant, the differences between groups were
examined by one-factor analysis of variance (ANOVA). A
Bonferroni-corrected Student t test was used to compare the
individual means. A statistical probability of p<0.05 was
considered significant.

Results

Gluten content and monomeric/polymeric protein
distribution in oat kernels

In order to clearly describe the different oat protein fractions
and avoid misunderstanding we will use the seed protein fractions
of wheat as a reference. Hence, as the oat alcohol-soluble proteins
have the same solubility features as the gliadins from wheat,
throughout the article we will refer to these oat proteins as gliadin-
like avenins. Similarly, the solubility of the oat reduced-soluble
proteins is comparable to that of the glutenin proteins from wheat,
therefore they will be designated as glutenin-like avenins.

Figure 1 shows chromatograms of alcohol-soluble (Figure 1A),
and reduced-soluble fractions (Figure 1B). Plots show a represen-
tative chromatogram of each oat variety and of bread wheat used
as a reference.

The gliadin components were distributed over nearly the whole
elution range (Figure 1A) under conditions defined to optimize the
resolution and reproducibility of gliadin separations. The different
wheat gliadin types were ecluted in the sequence -gliadins
(retention time 10-29 min), a-gliadins (30-39 min) and y-gliadins
(40-50 min). In the case of oats, several minor components
appeared in the hydrophilic range, although gliadin-like proteins
comprised two major groups that were eluted close together in the
hydrophobic range (3443 min), at the same retention time as o-
and 7y-gliadins of wheat. The four oat varieties analyzed showed
similar, but not identical, RP-HPLC patterns. Chromatograms
showed between 7 and 11 major peaks in the varieties studied

PLOS ONE | www.plosone.org 5

Table 2. Clinical data of patients with celiac disease AATG, antitransglutaminase antibody, expressed as U/mL; AAEM,
antiendomysial antibody; HLA, human leukocyte antigen; nd, no data.

Atrophy grade
Patient Age (year) Sex Weight (Kg) Height (Cm) AATG (IgA) AAEM (Marsh criteria) HLA-DQB1
Celiac 1 4 Female 20 106 >200 + v 0201-0202
Celiac 2 4 Female 17.5 108 >200 + e 0201-0202
Celiac 3 1 Female 7.5 76 142 + B nd
Celiac 4 3 Female 1 90 34 + A 0201-0603
Celiac 5 12 Male 49 151 >200 + % 0201-0503
Celiac 6 7 Male 23 123 >128 + A 0201-0301
Celiac 7 1 Male 10.5 82 >128 + Il 0201-0602
Celiac 8 5 Female 19 108 >128 + A 0201-0501
Celiac 9 10 Male 235 129 >200 + Y 0201-0301
Celiac 10 2 Female 14 93 >128 + B nd
Celiac 11 10 Female 24 132 >128 + 1B 0201-0202
Celiac 12 2 Female 13 92 16 + A nd
Celiac 13 3 Male 135 91 91 + Ihc 0201-0604
Celiac 14 5 Male 17.5 106 >200 + I c 0201-0202
doi:10.1371/journal.pone.0048365.t002

(Figure S1), with OH727 and OM?719 having the highest and the
lowest number of peaks, respectively.

An analogous analysis of the glutenin-like proteins of oats was
carried out under the conditions optimized for wheat glutenin
separation (Figure 1B). The glutenin proteins were distributed, as
in the case of gliadins, over nearly the whole elution time. Wheat
glutenins showed two main groups of peaks between the retention
time 24-31 min and 35-50 min, corresponding to the high-
molecular-weight glutenin subunit (HMW-GS) and low-molecu-
lar-weight glutenin subunit (LMW-GS), respectively [5,25]. Major
peaks were not detected in the range of HMW-GS for any of the
oat varieties. On the other hand, all the oat varieties showed peaks
in the elution range of the LMW-GS, although these peaks were
less clearly defined than those for the gliadin-like fraction. Even so,
the glutenin-like chromatogram profiles were different and easily
distinguishable between oat varieties.

Because the glutenin-like fraction was extracted from the pellet
resulting from a previous gliadin-like extraction, we compared the
gliadin-like and glutenin-like chromatograms of each sample for
the presence of common peaks (one representative example in
Figure S2). Although some peaks overlapped in their retention
times, most of the major peaks were unique in each of the
fractions.

A quantitative analysis of the protein fractions was carried out
by integrating the area of each individual peak present in the oat
chromatogram region for o- and 7y-gliadin-like proteins, and for
the LMW-GS-like region of the glutenin-like fraction. Only
regions with major peaks were considered. Data were transformed
to micrograms of protein per milligram of flour, as shown in
Table 3.

The oat varieties did not show significant differences for the
content of gluten protein fractions, except for the y-gliadin-like
fraction content. The multiple-comparisons analysis showed two
groups for which the 7-gliadin-like content was statistically
significant: in one group, line OP722 had the lowest amount of
v-gliadin-like proteins, and in the other, lines OM719 and OH727
showed a higher amount of y-gliadin-like proteins. No differences
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Table 3. Gliadin-like, glutenin-like, and total prolamin contents of oat varieties.

Gliadin-like (ug/mg of flour)

Line a- V- Total LMW-GS-like (1g/mg of flour) gli/glu Prolamin (%)
OF750 7.51 3.54 ab 11.6 9.26 1.19 2.03
OH727 8.75 4.02 a 133 10.1 1.26 229
OoM719 8.84 472 a 14.2 92.61 1.41 232
OP722 10.7 225 b 13.6 10.9 1.19 239

without letters mean that no significant differences were found between values.
doi:10.1371/journal.pone.0048365.t003

in the total content of gliadin-like and glutenin-like proteins were
found in the oat varieties.

Cloning and structure analysis of gliadin-like avenins
genes related to toxicity for celiac disease

Three primers, one forward and two reverses (AvenG-1T,
AvenG-1R, AvenG-2R), were used to amplify the full-length ORF
of avenin genes from four varieties of 4. sativa with different levels
of toxicity for CD patients. These primers were designed on the
basis of the full avenin gene sequences available in the GenBank
database (GenBank accession no. DQ370180, M38722, M83381,
J05486, M38721, CK780254, and CK780283), and used to
amplify the maximum amount of avenin sequences from the four
oat varieties analyzed. Therefore, we inserted degenerate positions
in the primers AvenG-1F and AvenG-1R to increase the range of
avenin sequences amplified with these primers.

Sequences were amplified from cDNA (after reverse transcrip-
tion from mRINA) using a DNA polymerase with proofreading
capacity to minimize mistakes in the PCR during the incorpora-
tion of nucleotides. In total, 22 full-length sequences were obtained
(Table 4): three from OF720, seven from OH727, eight from
OM719, and four from OP722 (sequences are deposited in the
GenBank database under accession numbers JX428830-
JX428851). The ORF length of the sequences ranged from
546 bp to 846 bp, corresponding to 181 and 281 amino acids,
respectively. The BLAST searches of all sequences using the blastn
and blastp algorithms confirmed their identity with other avenins
registered at the GenBank, and the homology with wheat gliadins.

All sequences were aligned with the avenin sequences deposited
at GenBank (Figures 2 and 3). The avenin sequence alignment
comprised a signal peptide followed by five regions or domains.
The first was the amino-terminal end. The repetitive region was
followed by the last three carboxy-terminal domains containing
the cysteine residues. Domain carboxy-terminal II consisted
mainly of polyglutamine stretches of wvariable length. The
repetitive domain was characterized by tandem repeats, except
in the avenin sequences belonging to group “B” (see next section
and Figure 4), where those repeats were absent (Figure 3). The
sequences belonging to group “C” clearly showed a peptide
repeated in tandem, formed by a core of three residues, giving the
peptide PFV, plus a glutamine run of two to four residues
(PFV(Q)y4). In the sequences belonging to group “A”, the
repeated peptide is more difficult to identify, because it was
repeated in only some sequences. This peptide was similar to that
of group “C”, with Val replaced by Met in the tripeptide PFV
(PEM(Q); o )

PLOS ONE | www.plosone.org 6

Gliadin-like and glutenin-like were determined by RP-HPLC. o, a-gliadin-like fraction protein content; v, y-gliadins-like fraction protein content; Total, total gliadin-like
protein content; LMW, low-molecular-weight glutenin-subunit-like (LMW-GS-like) fraction protein content; gli/glu, ratio total gliadin-like content/total glutenin-like
content. Values within the same column followed by the same letter are not significantly different at P<<0.05 according to LSD test. Columns containing variables

Relatedness of avenin sequences and amino acids

composition analysis

Figure 4 shows a neighbor-joining tree constructed using the full
protein sequences aligned in Figure 2. The sequences, in the
neighbor-joining tree, cluster into three major groups: A, B, and C
(Figure 4). All varieties reported in this paper have sequences in
groups A, B, and C, except the oat line OP722 which has
sequences only in groups B and C.

The average amino acid composition of each prolamin group
was calculated using the gliadin, glutenin, and avenin sequences

Table 4. Avenin features.
Number of amino acid residues
Sequence <DNA
Oat line name (bp) Total Nter Rep Cter Cysteine
OF720  OF720-1A3 690 230 0 46 165 8
OF720-AC2 603 201 4 46 132 9
OF720-BC1 546 182 0 25 138 8
OH727  OH727-2A7 600 200 4 45 132 8
OH727-2A8 672 224 0 73 132 8
OH727-2A9 636 212 0 46 147 8
OH727-2A10 846 282 4 73 186 8
OH727-2A11 753 251 0 46 186 8
OH727-AC1 603 201 4 46 132 8
OH727-BC5 546 182 0 25 138 9
OM719 OM719-2A6 606 202 4 47 132 8
OM719-AC2 639 213 0 47 147 8
OM719-AC3 627 209 4 54 132 8
OM719-BC4 570 190 0 32 139 9
OM719-BC5 570 19 0 32 139 9
OM719-BC6 570 19 0 32 139 9
OM719-BC7 567 189 0 32 138 9
OM719-BC8 546 182 0 25 138 9
OP722  OP722-3A1 645 215 4 46 146 8
OP722-3A11 630 210 0 45 146 8
OP722-AC2 630 210 0 44 146 8
OP722-AC4 672 224 4 46 155 9
cDNA (bp), length in bases pair of cDNA; Nter, Amino-terminal conserved
region; Rep, repetitive region; Cter, Carboxy-terminal conserved region.
doi:10.1371/journal.pone.0048365.t004
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Repetitive
Signal peptide Nter
OP722-AC4 MENFLI-ALL AMAAATATA T TTVLNQCKQFTY LVOQOCSPVAV VPFLRSQILR QAICOQVARQO CCROLAQIPE QLRCPAIHSV VOAIILOQOQO QQO-FFQPOL OQOVFO----
OM719-2A6 MKNFLIFALL AMAAAMATA 7T TTVLNOQCKOF LVOOCSPVAV VPFLRSOILR OQAICOVAROO CCROLAQIPE QLRCPAIHSY VOAIILGOQQ QOO
OM719-AC3 MKNFLIFALL AMAAAMATA T TTVLNQCKOF LVOOCSPVAV VPFLRSOILR OAICOVAROO CCROLAQIPE GQLRCPAIHSV VOALILOOOO QOO
OH727-2A7 MKNFLIFALL AMAAAMATA T TIVLNQUKOF LVOOQCSPVAV VPFLRSOILR CAICOVAROO CCROLAQIPE QLRCPAIHSV VOAI ILQOOO
OH727-AC1 MKTFLIFALL AMAAAMATA 7 TTVLNOQCKOF LVQGCSPVAV VPFLRSQILR QAICQVARQO CCROLAQIPE QLRCPAIHSY VOALILOQOO
OF720-AC2 MKTFLILALL AMAAAMATA T TTVLNOCKQOF LVOQQCSPVAV VPFLRSQILR QAICOVARQO CCROLAQIPE QLRCPAIHSV VOAL ILQOQQ
OP722-3A1 MKTFLILALL AMAAATATA 7 TTVLNQCKOF LVOOQCSPVAV VPFLRSQILR QAICOVAROQO CCROLAQIPE QLRCPAIHSV VOAL IMOOOOQ
OH727-2A10 MKTFLIFALL AMAVATTTA T TTVLNPCKQF LVOQQCSPVAA VPFLRSQILR QAICOVTROO CCROLAQIPE QLRCPAIHSY VOAILILQOQOQ
OH727-2A8 MKTFLIFALL AMAATMATA - --=LNOCKOF LVOOCSPVAV APFLRSQIL®* CAICOVARQO CCROLAQIPE QLRCPAIHSV VOAIILOQOO
ASTAVEC MKTFLIIALL AMAVATATA T TTVLNPCKQF LVOQQCSPVAA VPFLRSQILR CQAICOVTROQ CCRALAQIPE QLRCPAIHSV VOSIILQQQOQ QOOOQFIQPOL QOQQVFQ====
OH727-2A11 MKTFLIFALL AMAATMATA - ---LNPCROF LVOQOQCSPVAV VPFLRSQILR QAICQVTROG CCROLAQIPE QLRCPAIHSY VOAIILOOQQO QOQQFIQPQL CQGVFOPOLO
OP722-AC2 MKNFLILALL SMAATMATA - ---LNPCROF LVOOCSPVAA VSFLRSQILC QSSCOQVMROQ CCRRLEQIPE QLRCPAIHSY VOAI IMOQQG QO--FFOQPOM OQQF---
ASTSSPA MKNFLILALL SMAATMATA - ---LNPCROF LVOOQCSPVAA VSFLRSQILO QSSCOVMROO CCRRLEQIPE QLRCPAIHSY VOAI IMOOOO QOQ--FFOPOM OOQF -
OP722-3A11 MKNFLI IALL AMAAAMATA - ---LNPCROF LVOQQCSPVAA VSFLRSQILO QOSSCOVMROOQ CCRRLEQIPE QLRCPAIHSY VOAI IMOQOQ QO--FFQPOM QOQF-
OM719-AC2 MKMFLIFALL SMAATMATA - =--=LNPCROF LVQOCSPVAA VPFLRSQILO QSSCOVMRQO CCRRLEQIPE QLRCPAIHSV VOAL IMQQOO QOQ-FFOPOM OQOQF-
DQ370180 MKTFLIFALL AMAATMATA - =-=-=LNPCROF LVOOQCSPVAV VPFLRSQILO QSSCOQVMROQO CCROLEQIPE QLRCPAMHSY VOAL IMOOOQOQ =---=-FFOPOM 0Q----
ASTAVEE MKTFLIFALL AMAATMATA - =--=LNPCROF LVOOQCSPVAV VPFLRSQILO QSSCOVMROO CCROLEQIPE QLRCPAIHSY VOALIMOOOO =---=-FFOPOM OQOFFC
OF720-1A3 MKTFLIFALL AMAATMATA - ---LNPCROF LVOQCSPVAV VPFLRSQILO OSSCOVMROO CCROLEQIPE QOLRCLAIHSY VOALIMOOQOO ----FFOPOM OOOFFQ
OH727-2A9 MKNFLI11ALL AMAATMATA - ---LNPCROF LVOOCSPVAV VPFLRSQILO OSSCOVMROO CCROLEQIPE QLRCPAIHSV VOAI IMQOOQ
ASTAVEA MKTFLILALL AMAATMATA - ---MIPCOMF LMOOCSPVEM VPFLRSQILR QSTCHVMRRO CCROLAQIPR QLRCPAIHSM VHAI IMOOOO
OM719-BC7 MKNFLIFALL AMAATMATA - ---MIPCOMF LMOOCSPVEM VPFLRSOILR OSTCHVMRRO CCROLAGIPR QLRCPAIHSM VHAL IMOOOO
OM719-BCE MEKNFLIIALL AMA-TMATA - ---MIPCOMF LMOOQCSPVEM VPFLRSQILR QOSTCHVMRRO CCROLAQIPR QLRCPAIHSM VHAL IMOQOOG
OH727-BCS5 MKTFLIFALL AMAATMATA - OMF LMOKCSPVEM VPFLRSQILR QSTCHVMRRO COCROLAQIPR QLRCPAIHSM VHAL IMOOOO
OF720-BC1 MKTFLIFALL AMAATMATA - OMF LMOKCSPVEM VPFLRSQILR QSTCHVMRRO CCROLAQIPR QLRCPAIHSM VHAIL IMOQOOO
OM719-BC6 MKTFLITALL AMAATMATA - OMF LMOQCSPVEM VPFLRSQILR QSTCHVMRRO CCROLAQIPR QLRCPAIHSM VHAI IMOOOO
OM719-BC4 MKTFLIFALL AMAATMATA OMF LMOOQCSPVEM VPFLRSQILR QSTCHVMRRO CCROLAQIPR QLRCPAIHSM VHAI IMOOOQO
OM719-BC5 MKTFLILALL - ==-=-MIPCOMF QSTCHVMRRO CCRAOLAQIPR QLRCPAIHSM VHAI IMOQOQ
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OP722-AC4

-=-=-QPQQCAQ

FEGMRAFALO

ALPAMCDVYV

PPHCPVATVP

OM719-2A6 -FFQ POLQ-- FOPOLOOVFN ---0OPOOOAQ FEGMRAFALO ALPAMCDVYV PPHCPVATVP
OM719-AC3 - -FFO POLO-- FOPOLOOVFN ---0POOOAT FEGMRAFALOD ALPAMCDVYV PPHCUPVATVP
OH727-2A7 - -FFQ POLO-- FEGMRAFAL(O ALPAMCDVYV PPHCPVATVP
OH727-AC1 ~ -FFQ PQLQ-=--0QV FEGMRAFALO ALPAMCDVYV PPHCPVATVP
OF720-AC2 = FFQ PQLQ---QQV FQPQ FEGMRAFALO ALPAMCDVYV PPHCPVATVP
OP722-3A1 - ==FQ POMQQVTQG! FLPQOMC GIFOTOMOGO I1EGMRAFALO ALPAMCDVYV PPHCPVATTP
0OH727-2A10 LOOOVFOPQ QLQLOQQVFQ PQLO---QQV FQPQ IWWVFN ---0PQQOAQ FEGMRAFALQO ALPAMCDVYV PPHCPVATVP
OH727-2A8 - FFQ POLO---00V FOPOLOOVFN ---0POOOCAQ FEGMRAFALQ ALPAMCDVYV PPHUPVATVP
ASTAVEC - ALOLGOOVFQ POLO---00QV FOPOQLOOVFN ---0POMOGO IEGMRAFALQO ALPAMCDVYV PPOCPVATAP
OH727-2A11 QLOLOOOVFQ POLO---00V FOPOLOOVFN ---0QPOOOAG FEGMRAFALQO ALPAMCDVYV PPHUPVATVP
OP722-AC2 POMOOVTOGIE FOPOMOOVTIQ GIFOQTOMOGD IEGMRAFALO ALPAMCDVYV PPHCPVATIP
ASTSSPA POMGOVTOGI FOPOMOOVTO GIFOTOMOGOD IEGMRAFALO ALPAMCDVYV PPHCPVATTP
OP722-3A11 - POMOOVTOGI FOPOMOOVTO GIFOTOMOGO I1EGMRAFALO ALPAMCDVYV PPHCPVATTP
OM719-AC2 i POMEQVTOG! FOPOLOOVTO GIFOQTOMOGD IEGMRAFALO ALPAMCDVYV PPHCPVAT-P
DQ370180 -=-=-VTOQGIFQ POMOOVTOG! FOPOLOOVTO GIFOPOMOGO IEGMRAFALGO ALPAMCDVYV PPHCPVATAP
ASTAVER ===VIOGIFQ POMOOVTOGI FOPOLOOVTO GIFOQPOMOGO IEGMRAFALO ALPAMCDVYV PPHCPVATAP
OF720-1A3 QOFFOPO MOQVIQGIFOQ POMOOVTOGI FOPOLOOVTO GIFOPOMOGO IEGMRAFALQ ALPAMCDVYV PPHCPVATVP -----LGGF*
OH727-2A9 ====== ===VTQGIFQ POMOOVTQG! FQPQLQQVTQ GIFQPOMOGO | EGMRAFALQ ALPAMCDVYV PPHCPVATVP -----LSGF*
ASTAVEA - == e=me= !} =LVOAQOMGL VOPOTOMAGO VFIQPOOLSO YOTMKVVAMO TLPAMONVOV PPYCSTGOVG GMAAGIGGC*
OM719-BC7 - -- -LVOAQOMGL VOPOTOMAGO VFIOPOOLSO YOTMKVVAMO TLPAMOCNVOV PPYCSTGUVG GMAAGIGGC®
OM719-BC8 - -- -LVOAQOMGL VOPOTOMAGO VFIOQPQOLSO YOTMKVVAMO TLPAMONYVOV PPYCSTGOVG GMAAGIGGC*®
OH727-8C5 - -- ~LVOAQOMGL VOPOTOMAGO VFIOPOOLSO YOTMKVVAMO TLPAMONVOV PPYCSTGOVG GMAAGIGGC®
OF720-8C1 = = =LVOAGOMGL VOPOTOMAGO VFIOQPOOLSO YOTMKVVAMO TLPAMOCNVOV PPYCSTGOVG GMAAGIGGC®
OM719-BC6 - - OLVOAOQOMGL VOPOTOMAGO VFIQPOOLSO YOTMKVVAMO TLPAMOCNVOV PPYCSTGOVG CMAAGIGGC*
OM719-BC4 - == OLVOAOQOMGL VOPOTOMAGO VFIOQPOOLSO YOTMKVVAMO TLPAMOCNVOV PPYCSTGOVG GMAAGIGGC®
(JM?I.B-!‘.E;c - -— OLVOAOOMGL VOPOTOMAGO VFIOQPOOLSO YOTMKVVAMO TLPAMONVOV PPYCSTGOVG GMAAGIGGC*
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Figure 2. Alignment of avenins polypeptide sequences deposited at the GenBank and sequenced in this paper. Clustal-W algorithm
(Thompson et al. 1994) was used to align the derived aminoacid sequences of avenins. The vertical arrow indicates the position of the repetitive
region. Nter, amino-terminal conserved region; Cterl, Cterll and Cterlll, carboxy-terminal conserved regions; Repetitive, repetitive region.

doi:10.1371/journal.pone.0048365.9g002

from the GenBank, and the avenin sequences isolated in this paper
(Table 5, Figure S3). The 20 amino acids in the prolamin groups
were significantly different between oats and wheat. In the wheat
gliadins, the major amino acids were Pro, GIn and Leu, except in
o-gliadins with just Pro and Gln comprising 65% of the total
amino acids. The wheat glutenins shared as major amino acids
Pro, Gln and Ser, but the HMW range also presented Gly and Leu
as the major amino acids. The three groups of avenins shared Pro,
Gln, Val, and Leu, but avenins from group A also presented Met
as a major component. All prolamin groups studied in this work
had Pro and Gln as major amino acids. Furthermore, avenins,
unlike wheat prolamins, are rich in Val, and wheat glutenins
presented Ser as major amino acid, unlike the other groups of
prolamins analyzed in this paper.

PLOS ONE | www.plosone.org

Analysis of expression patterns of avenin genes of oat
cultivars that differ in toxicity for celiac disease by real
time PCR

To know the expression patterns of avenin genes during seed
development, we analyzed three cultivars of A. sativa with different
CD-toxicity designated OF720 (non-toxic variety), OH727 (me-
dium-toxic variety) and OM719 (high-toxicity variety), described
by Comino et al., 2011. The expression was studied at 0, 4, 8, 12,
20 and 28 DPA, using quantitative RT-PCR with the primer pairs
AvenB-ql1F/AvenB-qlR, AvenA2-ql1F/AvenA2-qlR, and Ave-
nAl-q1F/AvenAl-qlR (Table 1), corresponding to the “A”, “B”,
and “C” neighbor-joining tree groups, respectively (Figure 4).

The expression of all avenin groups was detectable at 8 DPA in
the three different cultivars of A. sativa (Figure 5). Varieties OF720
and OH727 presented a continuous increase in expression levels
from 8 DPA to 28 DPA, the highest level of expression. However,
OM?719 cultivar reached the maximum level of expression at 20

December 2012 | Volume 7 | Issue 12 | e48365
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OP722-AC4 QYDPSEQYOQP YPEQOQEPFV- -------ooe mmmmmmm oo ------0Q00P FVOQOO---- ----PFVOOQ OMFLQPLLOQ O
OM719-2A6 QYNPSEQYQP YPEQQEPFV- =cceccccccn cccccccncs csc==== QQQP FVQQQQQ---~- Q0 QMFLQPLLQQ Q
OM719-AC3 OQYNPSEQYQP YPEQOEPFV- ----c-c-mmmne mmmm e e == --=--=-=0Q0QQPF FVQQQQQQQQ 2 QMFLQPLLQQ Q
OH727-2A7 QYNPSEQYQP YPEQQEPFV=- =-r-cccccs cscccccsces sc==== QOOP FVOQQQ===== QQ QMFLQPLLQQ Q
OH727-AC1 QYNPSEQYQP YPEQQEPFV- ==--emeceece scccecceee- -=-=-===00QPF FVQQQQ---- =-=-=-=-PFVQQQ OQMFLQPLLQQ Q
OF720-AC2 OYNPSEQYOQOP YPEQOEPFV- ------mmmm mmmmm e em mmmm - QOQP FVQQQQ---- ----PFVQQQ QMFLQPLLQQ Q
OP722-3A1 QYDPSEQYQP YPEQQEPFV- ~--rrecmee scccccceces scm===- '---"P FVQQQQ---- =-=-=-=-PFVQQQ OMFLQPLLQQ Q
OH727-2A10 QYDPSEQYQP YPEQQEPFVQ QQPPFVQQEQ PFVQQQQPFV QQQPFVQ FvoQQQ---- ----PFVQQQ QMFLQPLLQQ Q
OH727-2A8 QFYPSEQYQP YPEQQEPFVQ QQPPFVQQEQ PFVQQQQPFV QQEPFVQ FvoQQQ---- ----PFVQQQ QMFLQPPLQQ Q
ASTAVEC QYNPSEQYQP YPEQQEPFVQ -=--===-=-> ccecceccce=- FVOQQQ=-~-~-~ Q0 OMFLQPLLQQ (
OH727-2A11 QFDPSEQYOQP YPEQOOPILO ----c-cceccnmn cmmccmee e LLOOQQQ--~-- 3} QPLLQ-VLQQ Q
OP722-AC2 QFDPSEQYQP YPEQQQPILQ =vemrememee scccwecme=- LLLOOQO= -~ ) =PLLO-VLQQ Q
ASTSSPA QFDPSEQYQP YPEQQOQPILQ -=--==-===== =—=c==-c===== LLLOQOQ-~-~ ) QPLLQ-VLQQ Q
OP722-3A11 QFDPSEQYQP YPEQQQPILQ ~~--cscccce cccccceces LLLQQQQ-~-~ 2 QPLLQ-VLQQ Q
OM719-AC2 QFDPSEQYOQP YPEQOOPILO --=-=-====== —--ce===--= LLLQQQQ-~-~- QPLLQ-ILQQ Q
DQ370180 QFDPSEQYQP YPEQUOAPILQ ~=-ceccccce ccccecccaas LLOOQOQ=- -~ QPLLQ-VLQQ Q
ASTAVEB QFDPSEQYOP IOQPILO ====-mcmce ccemmemea- LLOOOOQ- -~ QPLLQ-VLQQ Q
OF720-1A3 QFDPSEQYQF YPEQOQQPILQ --====c=== ===-====== LLOQQQQ- -~ QPLLQ-VLQQ Q
OH727-2A9 QFDPSEQYQP YPEQOOPILQ ========c= sccccc===- LLQQQQQ~-~~ QPLLQ-VLQQ Q
ASTAVEA  QYDPSEQYQP YPEQQ--==-= ===r=r==o=» =me=soro==on —csssss=r=" mcssss==c= ve==PFMQ~> ~===- PLLQQ Q
OM719-BC7 QYDPSEQYOP YPEQOD---=-= =—--ccccceos cocccccccn cocmcomccns sscemca=== --=-=-PFMQQQ QPFMQPLLQQ Q
OM719-BC8 QYDPSEQYQP YPEQQ-==== =-cceccccee cecccccceee cmccccceee scccceee=- —===PFMQ~~> ====-=- PLLQQ Q
OH727-BCS QYDPSEQYOP YPEQOQ=-==-= =c-mmcmcmn mmmmcmmmen mmmmmmmmms mmmmmmmees wE=S P EMg—= s PLLQQ Q
OF720-BC1 QYDPSEQYQP YPEQQ--=== =-=cccecece cccccccces sccccccece=s scccceec==-= ~===PFMQ~>= =====- PLLQQ Q
OM719-BC6 QYDPSEQYQP YPEQQ--~== ~coormceces secwecccows seccrsrenre sceoccw=e=- --=-=-PFMQQQ QPFMQPLLQQ Q
OM719-BC4 QYDPSEQYOQP YPEQQ-===== ==-cccccce cccccccces ccccmccccns =mccccc==== -===PFMQQQ QPFMOPLLOQ Q
OM719- BCS QYDPSEQYQP YPEQQ----- ==-=--cecee cceccceccececes ccceccceceee ccccce———- ----PFMQQQ QPFMQPLLQQ
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Figure 3. Alignment of the repetitive domain for the avenins protein sequences.

doi:10.1371/journal.pone.0048365.9g003

DPA, with expression decreasing from that stage of development.
We observed that avenins of group “C” were expressed at higher
level than those of groups “A” and “B” in all varieties. Avenins of
group “B” in OH727 and OM719 cultivars, and avenins of group
“A” in OF720, were expressed at the lowest levels. Thus, the
expression of avenin genes and therefore the synthesis of avenins,
begins at an early stage of grain development and continues even
three weeks after anthesis.

Analysis of immunogenicity of peptides present in
prolamins of different oat cultivars

To evaluate whether the distinct CD-toxicity of cultivars
OM719 (high-toxic variety), OH727 (medium-toxic variety) and
OF720 (non-toxic variety) described previously by Comino et al.,
2011 was correlated with the greater or lesser immunogenicity of
peptides present in their prolamin sequences, we challenged the
synthesized peptides with T-cells obtained from CD patients. The
clinical and immunological characteristics of those patients are
presented in Table 2.

Immunogenicity of different peptides was determined by T-cell
proliferation and IFN-y production. Peptides were designed based
on similarities and differences between the sequences of avenin
repetitive region (rich in Pro and GlIn) of oat varieties with different
toxicity for celiac patients. Four peptides were selected; two (Q-14-
5, QOPFVOOQOOOQPFVQ and Q-14, QOPFMQOQQOQPFMQP)
present in avenin sequences of OM719 cultivar and absent in
OH727 and OF720 cultivars (Figure 6A), another present in
OH727 and OF720 varieties and absent in OM719 cultivar (Q-
14-3, QOPFVOQOQOQOPFVQQ) (Figura 6B) and one present in all
varieties (Q-14-1, QYQPYPEQQEPFVQ) (Figure 6C). We tested
whether there was a correlation between the immunotoxicity of
each variety and the potential immunotoxicity of peptides present
in their sequences for CD patients.

PLOS ONE | www.plosone.org

Cell proliferation in the culture medium were measured as
indices of PBMC activation. Cell proliferation and IFN-y release
in the culture medium were measured as indexes of PBMCs
activation. We found a significant increase difference with respect
to gliadin (positive control) in T-cell proliferation in cultures
incubated with Q-14 and Q-14-1 peptides with proliferation index
of 9.2%0.7 and 6.7%0.9, respectively (Figure 6C). The incubation
with Q-14-3 peptide increased cell proliferation (SI=4.1+0.3)
similarly to that of incubation with rice prolamin used as negative
control (SI=3.5%0.2), being less immunogenic. The highest
increase in T-cell proliferation was found in cultures incubated
with Q-14-5 peptide (SI=17+0.9), even more elevated than that
produced by gliadin although this increase was not significant.
These results clearly showed that Q-14-5 peptide displayed the
highest activity, and was the most potentially immunogenic
(Figure 6C).

Release of IFN-y in the culture medium after the exposure of
celiac PBMCs to peptides was assessed (Figure 6E). According to
this assay, gliadin and Q-14-5 peptide were very immunogenic
with the highest values of IFN-y release (16%1.4 pg/mL and
17.5*1.2 pg/mlL, respectively). We found significant differences
with respect to positive control in the exposure to Q-14 peptide,
which induced a lower mean value of IFN-y (12%+0.9 pg/mL),
similarly to the exposure with Q-14-1 peptide (9.5%£0.5 pg/mL).
Finally, Q-14-3 peptide was the least immunogenic (2.9%0.2 pg/
mL), with IFN-y levels similar to those of rice prolamin.

Discussion

The prolamins of the tribe Triticeae (wheat, rye, and barley) are
classified according to amino acid sequence into three different
types of protein: sulfur-rich (S-rich), sulfur-poor (S-poor) and high
molecular weight (HMW) prolamins, with several subgroups
within the S-rich group [26].

December 2012 | Volume 7 | Issue 12 | e48365
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Figure 4. Neighbor-joining tree obtained with an alignment of the avenin sequences shown in the alignment of Figure 2. A, B and C

indicate the major groups where the sequences are clustered.
doi:10.1371/journal.pone.0048365.9g004

Avenin proteins (alcohol-soluble fraction) have structural
homology to the S-rich subgroup a-gliadins and y-gliadins of
wheat, the B-hordeins of barley, and the y-secalins of rye [27].
Our results agree with the cited homology analysis, because the
oat gliadin-like chromatogram shows major peaks at the same
retention time ranges as o- and y-gliadins from the wheat control,
with only minor peaks in the hydrophilic region corresponding to
the o-gliadins. Herbert Wieser & H.-D. Belitz (1989) reported that
the minor peaks in the hydrophilic region are contaminations from
non-prolamin proteins [28].

Once the gliadin-like (alcohol-soluble) proteins from oat flour
had been extracted, the remaining pellet was extracted again with
a denaturing/reducing solution to obtain a protein fraction similar
to wheat glutenin. The HPLC chromatogram of the extract
showed minor peaks in the hydrophilic region, in the retention
time range of HMW-GS from wheat. In contrast, major peaks
appeared with the same retention time as the LMW-GS from the
wheat control. This confirmed that oat grain contains a significant
fraction that is insoluble in alcohol and soluble in denaturing/
reducing solution. This fraction had been called “glutelin fraction™
by other authors [29-31]. Comparison of the chromatograms of

PLOS ONE | www.plosone.org

glutenin-like and gliadin-like fractions from the same oat line
indicates that the peaks appearing in the glutenin-like fraction are
not contamination from the previously extracted alcohol-soluble
fraction. Therefore, we can conclude that oat contains a glutenin-
like fraction which contains mainly LMW-GS-like proteins.

The oat lines showed differences in their chromatograms, due to
the presence of different prolamin subunits, that allowed
differentiation of all the varieties studied in this paper. These
results were consistent with previous results reported by Comino et
al,, 2011 using MALDI-TOF MS and SDS-PAGE. Varietal
identification of oats has been clearly demonstrated by RP-HPLC
[31-33]. Our results confirm that RP-HPLC is an excellent
technique for oat cultivar differentiation. Moreover, this technique
could be used to identify specific RP-HPLC pattern related to CD
toxicity, to select oat varieties with a reduced immunogenicity.

Total protein content in oat kernels typically ranges between
15%-and 20% of total weight [31]. In the present study, prolamins
have been shown to represent around 2% of the total weight.
Consequently, assuming some 17% of total protein in oat grains,
total prolamin (gliadin-like and glutenin-like) content mayrange
between 12%-and 14% of the total protein in the oat lines
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Table 5. Means of frequency percentage of each amino acid calculated from the avenin sequences, reported in this work, and
from the sequences of the gluten proteins presents in the GenBank.

Avenins (%) Gliadin (%) Glutenin (%)
3-Letter

Amino Acid code A B C [0 o v LMW HMW
Alanine Ala 4.87 abc 4.14 bc 5.86 ab 136d 3.81 bc 371 ¢ 3.87 bc 6.75 a
Cysteine Cys 4.87 a 3.69 b 372 b 0.14 d 2.06 c 2.74 c 233 ¢ 197 ¢
Aspartic acid Asp 0.54 abc 0.92 abc 0.59 abc 0.21 ¢ 0.38 bc 0.96 ab 0.24 bc 113 a
Glutamic acid Glu 162 b 231b 25b 195 b 1.75 b 1.04 b 173 b 429 a
Phenylalanine Phe 243 de 5.25 bc 6.79 ab 772 a 3.83 cd 4.57 ¢ 4.55 ¢ 192 e
Glycine Gly 433 b 258 b 1.16 b 1.09 b 251 b 276 b 277 b 11.22a
Histidine His 1.62 ab 0.92 cd 0.89 cd 1.06 bcd 2.02 a 1.67 ab 1.37 abc 0.58 d
Isoleucine lle 433 b 431 b 3.15¢ 4.69 b 4.89 ab 5.86 a 464 b 1.84d
Lysine Lys 0.68 b 0b 0.51 b 0.79 ab 0.6 b 0.97 ab 0.89 ab 219 a
Leucine Leu 5.96 bc 8.89 a 7.53 ab 421 c 8.3 ab 7.22 ab 7.95 ab 7.99 ab
Methionine Met 7.85a 4.08 b 177 d 042 d 1.01 cd 227 ¢ 2.05c 1.53 cd
Asparagine Asn 0.54 bcd 0.51 cd 122 b 0.6 bcd 241 a 1.99 a 0.82 bc 0.07 d
Proline Pro 8.39 ¢ 8.67 ¢ 9.73 ¢ 24.84 a 15.04 b 15.05 b 135b 8.44 c
Glutamine Gln 22.24 cd 29.25 bc 29.25 bc 40.18 a 32.97 ab 31.19b 33.26 ab 20.72d
Arginine Arg 3.79 ab 3.02 bc 2.75 bc 134 c 1.87 bc 1.74 bc 2.22 bc 515a
Serine Ser 379 cd 3.09 de 228 e 4.67 bc 5.22 bc 568 b 8a 7.53 a
Threonine Thr 271 b 192 b 2.04 b 291 ab 273 b 3.29 ab 3.01 ab 4.64 a
Valine Val 6.5 ab 6.3 ab 8.38 a 0.67 ¢ 4.99 b 523 b 511b 6.9 ab
Tryptophan Trp 0c 0c 0c 0.08 bc 0.31 abc 0.73 ab 0.48 abc 0.89 a
Tyrosine Tyr 2.71 bc 1.38d 1.86 cd 1.07 d 3.31 ab 1.26 d 1.22d 4.16 a

doi:10.1371/journal.pone.0048365.t005

reported in this paper. This result confirms the prolamin content
estimated by other authors, who reported that only 10-15% of the
total grain proteins in oats are prolamins [6,34].

The reported avenin sequences present features similar to those
of the S-rich prolamins, especially to the y-gliadin from wheat
[6,35-38]. The positions of cysteine residues and the flanking

In bold are indicated the major amino acids. Values within the same row followed by the same letter are not significantly different at p<<0.05 according to Tukey's HSD
(Honestly Significant Difference) test. A, B and C indicate the major avenin groups.

sequences are well conserved in the avenin sequences as in S-rich
prolamins [38]. The cysteine residues are responsible for forming
mtermolecular and intramolecular disulfide linkages during the
processing of the grains [39]. Avenin sequences belonging to
groups “B” and “C” present eight cysteine residues, whereas
avenins of group “A” show nine. A few authors have proposed
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Figure 5. Analysis of avenin genes expression in three cultivars of A. sativa during seed development. (A) gRT-PCR analysis of selected
avenin groups (A, B and C) was carried out in these varieties. Induction ratios were calculated between the different Days Post Anthesis (DPA) and
seeds collected at 0 DPA. Numbers on the x axis indicate the DPA seed, and on the y axis the fold induction of gene expression in relation to the
stage 0 DPA. (B) Representative images of seeds collected at 0, 4, 8, 12, 20 and 28 DPA in OF720, OH727 and OM719 cultivars are shown.
doi:10.1371/journal.pone.0048365.9005
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Figure 6. Immunogenicity of different peptides present in three oat varieties. (A), (B) and (C) Avenin sequences with different peptides
synthesized for OM719 variety, for OH727 and OF720 varieties and for all cultivars, respectively. (D) Proliferative responses of peripheral blood
mononuclear cells (PBMCs) to peptides of prolamins from three different oat varieties. The experiments were performed in duplicate and the mean
stimulation index (SI) =SD is shown. **, -S| values of PBMCs exposed to peptides significantly different with respect to gliadin at p<<0.005. (E)
Interferon-y (IFN-y) production by PBMCs with peptides from three different oat varieties. The results are shown as the means of duplicate wells and
expressed as pg/mL. **, significantly different with respect to gliadin at p<<0.005. In C and D, gliadin and rice prolamin were used as the positive and
negative control, respectively. The color code of peptides used in A, B and C is the same in both C and D.
doi:10.1371/journal.pone.0048365.g006

that some gliadins with an odd number of cysteine residues may avenin groups “B” and “C” can lead to the protein fractions
also be incorporated into the glutenin polymer [40—42]. Later, termed o- and y-gliadin-like in the RP-HPLC analysis of the oat
evidence was provided that a naturally mutated y-gliadin with an proteins, and that avenin of group “A” corresponds with the
extra cysteine residue is incorporated into the polymeric fraction LMW-GS-like fraction.

[43]. It is quite possible that the avenins of group “A” form The avenins described in this work included among their major
interchain disulfide bonds and thereby a polymer similar to wheat amino acids Pro and Gln, which are characteristic of all cereal
glutenins. This polymer, linked by disulfide bonds, could consist prolamins [6,44]. In fact, the name prolamin was originally based
either of proteins only from group “A”, or of proteins from group on the observation that they are generally rich in Pro and amide
“A” together with proteins from other groups or even with other nitrogen derived from Gln. In the avenin groups reported here,
prolamins which have not yet been identified. Therefore, the the combined proportions of these two amino acids vary from 30.6
protein product of avenins from group “A” could be responsible to 39.0%. These proportions are in accord with the range (30—
for the RP-HPLC fraction designated LMW-GS-like in this paper. 70%) of the combined proportions of these amino acids found
This fraction (LMW-GS-like) must form a polymer, as it was not among different cereals and prolamin groups [26]. It is well-known
extracted with the alcoholic solution, but when we used a highly that the Pro content is positively correlated with the celiac toxicity
reducing solution, which breaks disulfide bonds, protein constit- of the storage proteins of various cereals [45—47]. The analysis of
uents were released. We may infer that the protein product of the amino acids content of avenins reported throughout this article
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shows that avenins have a proline content that is lower than wheat
gliadins and LMW glutenin subunits, and similar to HMW
glutenin subunits. Therefore, the lower Pro content of avenins
could determine the lower celiac toxicity with respect to wheat
prolamins.

Knowing the expression patterns of different storage proteins, as
well as the features of their sequences, is important because they
determine the characteristics of mature grain and possibly the
potential immunogenicity for CD patients. In this work, we have
used qRT-PCR, a specific method to gene quantification, to study
the expression of avenin genes in different cultivars of A. sativa that
differ in their toxicity for CD patients. This method is 1000-fold
more sensitive than dot blot hybridization, it can discriminate
between messenger RNAs (mRNAs) with similar sequences, and it
needs a lesser amount of RNA template than do other methods of
gene expression [48]. To date, the expression of avenin genes has
not been extensively studied, so there is no accepted pattern of
expression. Some authors have described early expression patterns
where avenins begin to be detectable between 4 DPA and 6 DPA,
reaching the maximum at 8 DPA [27]. In contrast, other
researchers accept a later expression pattern in which the
maximum accumulation of avenins occurs two weeks after anthesis
[49]. We have shown that the expression of avenin genes begins at
8 DPA, and reach the maximum level of expression between 20
DPA and 28 DPA. Thus expression begins at early stages of seed
development and continues until late stages, when the peak is
reached. Hence, oats follow an expression pattern similar to that in
wheat and other cereals [38,50]. Furthermore, according to the
results obtained by RP-HPLC, we have observed greater
expression of o- and y-gliadin-like (avenins group “C”) than of
LMW-GS-like (avenins of group A).

In this work, we have shown by @ witro studies a direct
correlation of the immunogenicity of the different oat varieties
with the toxicity of peptides present in their avenin sequences. In
fact, the Q-14-5 peptide present in avenin sequences of the
OM?719 variety is potentially immunotoxic. However, the Q-14-3
peptide from OH727 and OF720 proved to be non-active in
triggering both T-cell proliferation and IFN-y release, showing
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