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Gluten proteins are major determinants of the bread making quality of wheat but also of
important gluten-related disorders. The gluten protein accumulation during grain filling
is strongly influenced by nitrogen fertilization. We have characterized the gluten proteins
in low-gliadin wheat lines as influenced by nitrogen treatments in two experiments.
These transgenic lines, D783, D793, C655, D577, and E82 were obtained by using two
different RNAi silencing fragments and two endosperm-specific promoters to drive the
silencing fragments (d-hordein and γ-gliadin). In Experiment 1, we used three nitrogen
fertilizer rates (120, 360, and 1080 mg N) added at sowing stage and combined with
two sulfur rates (8 and 30 mg S); Experiment 2 included two nitrogen levels (120
and 1080 mg N), which were added according to the greatest demand per plant
using split applications. The protein quantification was accomplished by Reverse-Phase
High-Performance Liquid Chromatography and gluten content (ppm) determined using
monoclonal antibody R5 (Competitive R5 ELISA). The results showed differences in
protein accumulation between the two transgenic lines with the same silencing fragment
but different promoter. Lines D793 and E82 showed low gliadin and an increment in
glutenin content with increasing nitrogen. Competitive ELISA R5 showed a significant
decrease in gluten content using split applications of nitrogen (Experiment 2) with
120 mg N compared to Experiment 1. In addition, line E82 ensures that variations in
N fertilization will not result in increased gluten content.

Keywords: transgenic wheat, promoters, gliadins, celiac disease, nitrogen, gluten, RP-HPLC, Competitive R5
ELISA

INTRODUCTION

Wheat is one of the most important crops in the world, providing energy and protein for humans
and animals. Although starch is the major component of the grain, accounting for 60–75% of the
total dry weight, proteins (9–15%) are very important for wheat functionality. Wheat flour is used
to make a wide variety of products including cakes, pasta, bread, noodles, and biscuits, which is

Abbreviations: CD, celiac disease; GFD, gluten-free diet; HMW-GS, high molecular weight glutenin subunits; LMW-GS,
low molecular weight glutenin subunits; LSD, least significant difference; NCGS, non-celiac gluten sensitivity; ppm, parts per
million; RP-HPLC, reverse-phase HPLC; SE-HPLC, size exclusion HPLC.
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possibly because of the gluten proteins in wheat, which consist of
gliadins and glutenins (Shewry et al., 2009). The gliadins, which
provide extensibility and viscosity to the dough, are monomeric
and they are classified into three structural fractions: α/b-, ω-,
and γ-gliadins. The glutenins, responsible for dough elasticity,
are present as polymeric complexes linked by disulphide bonds
and comprise two types of subunits; the HMW and the LMW
subunits of glutenin. Shewry et al. (1986) classified the wheat
prolamins on the basis of their sulfur content into S-poor,
consisting of ω-gliadins; S-rich composed of α- and γ-gliadins
and the LMW-GS; and HMW-GS prolamins. Gluten proteins are
also called prolamins because of their high content of the amino
acids proline and glutamine (Shewry et al., 1995; Shewry and
Halford, 2002). Gluten plays an important role in the final quality
of wheat as its proteins form a cohesive viscoelastic network that
allows the trapping of carbon dioxide during the fermentation
and expansion of the dough, contributing to the final volume and
texture of bread and other baked products.

Although wheat is a staple food in the human diet, gluten
proteins are associated with three important pathologies and
may affect up to 7% of the human population: (i) gluten allergy
(Zuidmeer et al., 2008) (0.2–0.5% population), (ii) NCGS (Sapone
et al., 2011) (6% population), and (iii) CD (Mariné et al.,
2011) (1% population). CD is the one most studied and is
an autoimmune disease in genetically predisposed individuals
caused by the ingestion of gluten not only from wheat, but
also from barley and rye (Trier, 1998). Moreover, 95 and 5%
of CD patients who present, respectively, the genes encoding
the human leukocyte antigen (HLA) DQ2 or DQ8 face a higher
risk of developing this disease. Although the prevalence of CD
is about 1% in Western countries (Farrell and Kelly, 2001), it
is thought to be under-diagnosed. The only treatment available
for CD patients is a lifelong strict GFD. However, it is difficult
to follow a GFD as gluten is an important additive widely used
in the food industry leading to transgressions in the diet that
could affect between 32 and 55% of CD patients (Silvester and
Rashid, 2007). Due to the presence of immunogenic proteins in
rye (secalins) and barley (hordeins) (Comino et al., 2012), food
products made with these cereals are also unsuitable for celiac-
affected people. As a consequence of GFD, gut health may worsen
and beneficial gut bacteria populations to be reduced (De Palma
et al., 2009).

The use of genetic engineering, specifically RNAi technology,
has been a promising approach to developing low-gliadin wheat
varieties, and hence with reduced gluten-toxicity, which can
be used as raw material for foods for gluten-intolerant people
(Gil-Humanes et al., 2010, 2014a). These lines showed 90–98%
reduction in the amount of gluten in comparison to the wild type,
and they had reduced capacity for stimulating DQ2- and DQ8-
restricted T-cell clones from celiac patients. The technological
properties of doughs prepared using flour from the low-gliadin
lines indicated a general weakening effect, although stability
was increased significantly in some of the transgenic lines,
suggesting better tolerance to over-mixing (Gil-Humanes et al.,
2014b). It was possible to make breads using flour from low-
gliadin lines, which showed baking and sensory properties, and
overall acceptance, similar to those of normal flour, but with up

to 97% lower gliadin content. Moreover, the low-gliadin flour
has improved nutritional properties since its lysine content is
significantly higher than that of normal flour (Gil-Humanes et al.,
2014a).

Also, these lines can be useful for reducing the incidence
of gluten-related pathologies as, in some cases, they have been
associated with the amount and duration of gluten exposure
(Ventura et al., 1999). Although the storage protein composition
of these low-gliadin lines have been changed, reducing their
toxicity, the total protein content is comparable to that of the
wild type (Gil-Humanes et al., 2010, 2011; Pistón et al., 2011;
Barro et al., 2016), suggesting a compensation mechanism with
other proteins like albumins and globulins (Gil-Humanes et al.,
2011).

The availability of sulfur (S) and nitrogen (N) in the soil
through fertilization is a key factor for maintaining the protein
profiles of wheat (López-Bellido et al., 1998; Wieser et al.,
2004; Garrido-Lestache et al., 2005). S nutrition is essential to
providing the cysteine residues that will form the disulphide
bonds intra or inter-chain, playing an important role in gluten
functionality (Shewry and Tatham, 1997). Several groups have
showed a correlation between decreased S content in the soil
and an increased proportion of ω-gliadins and HMW-GS linked
to reduced α- and γ-gliadins, and LMW-GS (Wrigley et al.,
1984; Fullington et al., 1987; Wieser et al., 2004) giving rise
to a greater elasticity and lower extensibility of dough (Moss
et al., 1983). Nitrogen is an essential plant nutrient required
for high yield in wheat, and the source, amount of N and its
application timings (Flæte et al., 2005; Fuertes-Mendizábal et al.,
2010) are key factors directly correlated with yield. The nitrogen
present in the grain determines the ratio of storage to non-storage
proteins, the percentage of the storage protein fractions, and thus,
the ratios of storage protein polymers to monomers. Therefore,
adequate fertilization strategies by means of an optimal ratio
between N and S are necessary to obtain a good combination of
end-use protein quality, nitrogen use efficiency and high grain
yield. Proteins make up about 80% of wheat plant organic S
requiring one part of S per 17 parts of N, and plants try to
maintain this ratio (Zhao et al., 1999a). Thus, N/S ratios greater
than 17:1 will provoke S deficiencies induced by N and provide
an accumulation of proteins non-rich in N such as amides, lower
proportions of methionine and cysteine, and this leads to a
decrease in wheat yield (Wrigley et al., 1980).

The availability of N and S during grain development
influences the expression of prolamin genes (Giese and Hopp,
1984). Earlier studies have reported that the expression of
prolamin genes is controlled at the transcription level, with a
direct relationship between the number of transcripts and protein
accumulated (Rahman et al., 1984; Bartels and Thompson, 1986).
Transgenic wheat lines used in this study were obtained using
a RNAi silencing fragment driven by two endosperm specific
promoters; a d-hordein (Pistón et al., 2008) and a γ-gliadin
(Pistón et al., 2009). Therefore, the expression of the RNAi
silencing fragment, as well as target genes, could be greatly
affected by fertilization, particularly N availability. Consequently,
N fertilization of these lines is of great interest for the handling of
the silencing efficiency by using the adequate balance of nutrients
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to obtain a reduction in gliadin toxicity, coupled with a good
production.

The aim of the present work was to study how the
controlled nitrogen conditions affect the silencing of gliadins
and the accumulation of other storage proteins, specifically those
triggering CD, and consequently, the toxicity in RNAi low-gliadin
wheat lines. Results are important to minimize the accumulation
of prolamins triggering CD but keep a good bread making
quality.

MATERIALS AND METHODS

Plant Material
Gil-Humanes et al. (2010) and Piston et al. (2013) have described
previously the lines used in this work. A total of five transgenic
lines from the T. aestivum cv. Bobwhite (denoted as Bobwhite
208), and the corresponding wild type were studied. These
transgenic lines were obtained using different RNAi silencing
fragments (ω/α- and γ-gliadin silencing fragments) and two

endosperm-specific promoters to drive the silencing fragments
(d-hordein and γ-gliadin promoters). Table 1 summarizes the
characteristics of these wheat lines.

Fertilization Experiments
We carried out two fertilization experiments in a greenhouse
under controlled temperature and humidity conditions (Figure 1
and Supplementary Figure S1). To design these experiments, we
considered a threshold fertilization level of about 200 kg N/ha and
20 kg S/ha., so amounts above and below those values were used.
Both sets of experiments are described below.

Experiment 1
The first experiment consisted of three N fertilizer rates (120,
360, and 1080 mg per pot) in combination with two S
rates (8 and 30 mg per pot) using a randomized complete block
designs, with two plants per pot and line for each treatment and
three blocks, comprising in all six plants per line and treatment.
Each pot (1 L) was filled with arlite and vermiculite. Vermiculite
is a mineral that has been superheated and expanded into thin

TABLE 1 | Characteristics of lines used in Experiments 1 and 2.

Genotype Line Constructs Promoter Prolamin target Experiment

BW208 Wild type NA NA NA 1, 2

D783 pDhp_ω/α D-hordein α/β-, γ-, ω- 1, 2

D793 pGhp_ω/α γ-gliadin α/β-, γ-, ω- 1, 2

D577 pGhpg8.1 γ-gliadin γ- 1

C655 pDhpg8.1 D-hordein γ- 1

E82 pDhpg8.1+pDhp_ω/α D-hordein α/β-, γ-, ω- 2

NA, non-applicable.

FIGURE 1 | Graphical representation of the different fertilization techniques and fertilization stages used in Experiments 1 and 2 based on N
requirements. T1, treatment 1; T2, treatment 2; T3, treatment 3; the gray line indicates nitrogen requirements throughout the development of the plant according to
The Guidelines for Maximum Economic Yield-Wheat Production.

Frontiers in Plant Science | www.frontiersin.org 3 February 2017 | Volume 8 | Article 257

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00257 February 23, 2017 Time: 18:51 # 4

García-Molina and Barro Nitrogen and Low-Gliadin wheat

layers. It has a good water-holding and exchange capacity, but,
in order to reach an adequate growth, vermiculite must be mixed
with arlite (lightweight expanded clay aggregate-LECA) due to
it being necessary to maintain a reasonable pH favoring the
drainage and oxygenation of the roots. Wheat grains were pre-
germinated in a growing chamber at 4◦C. When the coleoptile
emerged from seeds, grains were sowed in this solid medium.
Nitrogen and the rest of the nutrients, with the exception of
sulfur, were applied at the beginning of the experiment using the
commercial fertilizer ‘Osmocote Exact Mini’ (Scotts International
B. V., The Netherlands), slow release fertilizer 16+8+11 (NPK)
with magnesium and trace elements (Figure 1). The ‘Osmocote
Exact Mini’ was added 2 days before planting and was mixed
with the vermiculite to obtain a homogeneous substrate in the
pots. To avoid additional input of N from irrigation water, we
used distilled water. Sulfur was contributed by nutrient solution
as calcium sulfate (CaSO4·2H2O). One week after sowing, wheat
plants were irrigated with calcium sulfate solution twice a week
(Supplementary Figure S1).

Experiment 2
The second trial was carried out with two N fertilizer rates
organized as randomized blocks, with two plants per pot and
line for each treatment and two blocks comprising in all four
plants per line and treatment. Nitrogen fertilizer rates were
120 (Treatment 1) and 1080 (Treatment 2) mg N per pot.
Accordingly, N treatments (Urea + Ammonium Nitrate) were
120 mg N (60 mg during sowing with Urea, +60 mg beginning
the stem elongation with Ammonium Nitrate) and 1080 mg N
(60 mg during sowing with Urea, +340 mg × 3 applications
beginning the stem elongation with Ammonium Nitrate (one
application per week)). These N fertilizer applications were
carried out according to the greatest demand by the plant, that
would correspond to the germination stage (growth stage 07)
and pseudo stem erection (growth stage 30), according to the
Zadoks scale (Zadoks et al., 1974) (Figure 1). The remaining
nutrients were contributed through a nutritive solution. The
concentration of nutrients in the final solution was that described
by Spomer et al. (1997), i.e., about one-half the strength of
Hoagland’s original solution (Hoagland and Arnon, 1950). To
make this solution, we prepared a complete formulation of
all macro and micronutrients using compounds without N
in its composition and they were dissolved in distilled water.
Supplementary Figure S1 shows the time and quantity of S
fertilization during the wheat growth stages from Experiment
2, which was irrigated with this Hoagland solution once a
week.

Reversed-Phase High-Performance
Liquid Chromatography (RP-HPLC)
Wheat samples were ground in a mixer mill (Star-Beater, VWR
collection) to obtain flour of a 100 µm particle size. Gliadins
and glutenins were extracted according to their solubility, using
a modified Osborne procedure as described by Pistón et al.
(2011). Briefly, gliadins were extracted from 100 mg of whole
wheat flour with 670 µl of 60% (v/v) ethanol. After agitating
the samples in a vortex shaker at room temperature for 10 min,

the samples were centrifuged and the supernatant was collected.
The process was repeated three times and the three supernatants
were mixed all together. Glutenin fraction was extracted from
the insoluble pellet using 500 µl of 50% (v/v) 1-propanol, 2
M urea, 0.05 M Tris-HCl (pH 7.5), and 2% (w/v) DTT. After
vortexing and incubating for 15 min at 60◦C, the supernatant
was collected by centrifugation. The process was repeated three
times. When the three supernatants were mixed, both extractions
were filtered using nylon filter (0.45 µm). Two independent
repetitions were made for each transgenic line and control.
Quantitative determination was carried out using the RP-HPLC.
Gliadin (60 µl) and glutenin (60 µl) extracts were applied to a
300SB-C8 reverse phase analytical column (4.6 mm × 250 mm,
5 µm particle size, 300 Å pore size; Agilent Technologies)
using a 1200 Series Quaternary LC System liquid chromatograph
(Agilent Technologies) with a DAD UV-V detector, as described
in Wieser et al. (1998) and Gil-Humanes et al. (2010). In
this chromatography, separation of the protein fractions is
based on the hydrophobicity of each compound. Hence, the
elution order will be ω-, α-, and γ- for gliadins, and HMW,
LMW for glutenins (from lowest to highest hydrophobicity).
The integration of the peaks was made automatically by the
software. Bovine serum albumin (BSA; BSA ≥ 98%, fraction
V. Sigma–Aldrich, St Louis, MO, USA, cat. no. A3294) was
used as a standard protein to determine the absolute amounts
of gliadins and glutenins. The areas under the curve of the
UV-signal were calculated per µg of protein fraction/mg of
flour to obtain the gliadin and glutenin contents for each
sample.

Competitive R5 ELISA
The analysis was carried out by Centro Nacional de Biotecnología
using the R5 monoclonal antibody to detect gluten from
transgenic and control lines, as described by Mena et al. (2012).
The assay was performed in triplicate.

Statistics
Data were analyzed using the Statistix software version 10.0
(Analytical Software, Tallahassee, FL, USA). Analysis of variance
(ANOVA) with median multiple comparisons by LSD was used
to analyze the results. P-values of less than 0.05 were considered
to be significant.

RESULTS

Experiment 1
Experiment 1 was used to evaluate the effects of three N
treatments, with application of S at different stages as detailed
in Supplementary Figure S1, on the gluten proteins of low-
gliadin wheat lines (Table 1). Applications of S at different
stages were analyzed and no significant differences were found.
However, overall changes in gluten proteins, concerning all three
N fertilization levels, both for µg protein/mg flour and for
total grain protein (mg) accumulated per pot (Table 2) showed
significant differences. Regarding protein content per flour unit
(µg/mg flour), significant differences were found for ω-gliadins
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TABLE 2 | Storage protein content related to all three N treatments from
Experiment 1.

N treatment (mg)

µg/mg flour Total mg protein per pot

Protein fraction 120 360 1080 120 360 1080

ω-gliadins 13.5b 17.9a 18.6a 23.2b 60.2a 74.4a

α-gliadins 25.3a 32.3a 34.4a 44.2b 110.7a 139.8a

γ-gliadins 7.5a 9.1a 9.9a 14.5b 33.8a 39.9a

Total gliadins 46.3b 59.4ab 62.8a 81.8b 204.7a 254.0a

HMW 23.0b 25.9ab 27.9a 40.0c 79.8b 105.4a

LMW 25.4a 25.9a 28.8a 44.8c 82.5b 111.2a

Total glutenins 48.4b 51.9ab 56.7a 84.9c 162.3b 216.6a

Total prolamins 94.7b 111.3a 119.5a 166.7c 367.0b 470.6a

Gli/Glu ratio 0.96a 1.14a 1.11a

The values shown are referred to the average of the lines for each protein fraction.
Gliadins and glutenins were determined by RP-HPLC. 120, 360, and 1080 are
the N treatments expressed in mg of N. HMW, high molecular weight; LMW, low
molecular weight.
Samples with same letter within each protein fraction are not significantly different
at p < 0.05 by the LSD multiple comparison of means.

when increasing N from 120 to 360 mg, and from 120 to 1080 mg,
but no differences were noted for α- and γ-gliadins (Table 2).
Total gliadin content also increased significantly from 120 to
1080 mg N. With regard to the glutenins, only HMW and total
glutenins showed significant differences from 120 to 1080 mg
N. Overall, prolamin content (gliadins plus glutenins) increased
significantly from 120 to 360 mg N and from 120 to 1080 mg N.
Finally, the gliadin to glutenin ratio (Gli/Glu) was similar in all
three N treatments.

The overall results, considering the total grain protein
accumulated per pot (mg), also gave significant differences
between the three treatments of N (Table 2). In this case,
differences for all three gliadin fractions (ω-, α-, and γ-gliadins),
and total gliadin content were significant when N was increased
from 120 to 360 mg and from 120 to 1080 mg (Table 2). For
HMW, LMW, total glutenin, and total prolamin, besides the
above, were also significant when N was increased from 360 to
1080 mg.

The effect of the three levels of N was analyzed in detail
for the wild type and all four transgenic lines (Table 3). As
showed, for BW208 the N treatments were significant only for
ω-gliadins, which increased from 16.3 to 20.4 µg/mg flour for
120 and 1080 mg N, respectively. In the case of D783 and
D793, both containing a silencing fragment to target all gliadin
fractions, the HMW and LMW, and also total glutenins and
total prolamins were affected significantly when increasing N
from 120 to 1080 mg N (Table 3). Gliadins were not affected,
except ω-gliadins for line D793. In contrast for lines D577
and C655, both containing a silencing fragment to target only
γ-gliadins, all gliadins fractions (except γ-gliadins for line C655)
were significantly affected when N was increased from 120 to 360
and to 1080 mg. However, neither the glutenins fractions nor total
glutenins were affected. Total gluten content (prolamins) was also
increased significantly in lines D577 and C655with increasing N
from 120 to 360 mg N and from 120 to 1080 mg N (Table 3). The
gliadins to glutenins ratio increased also significantly from 120 to
360 and 1080 mg N for lines D577 and C655.

The effect of the three levels of N on grain protein composition
for transgenic and wild type lines considering the total grain
protein per pot (Supplementary Table S1) was also evaluated.
Hence, all gliadins fractions and total gliadins, in BW208 (wild

TABLE 3 | Gliadin and glutenin contents (µg/mg flour), and gliadin to glutenin ratio of low gliadin transgenic and wild type lines for three different
nitrogen treatments from Experiment 1.

Gliadins Glutenins

Line N (mg) ω α γ Total HMW LMW Total Prolamins Gli/Glu

BW208 120 16.3b 38.5a 22.6a 77.3a 16.7a 21.6a 38.2a 115.6a 2.03a

360 19.2ab 36.8a 26.4a 82.4a 16.7a 21.6a 38.3a 120.7a 2.21a

1080 20.4a 38.9a 27.3a 86.6a 17.7a 22.6a 40.4a 127.0a 2.18a

D783 120 8.3a 16.1a 6.2a 30.6a 31.5b 33.3b 64.8b 95.5b 0.47a

360 8.0a 16.1a 5.6a 29.8a 36.1ab 36.3ab 72.4ab 102.2ab 0.42a

1080 9.0a 18.4a 6.1a 33.5a 39.8a 42.2a 82.0a 115.5a 0.41a

D793 120 7.4b 6.8a 0.6a 14.8a 22.9b 13.3a 36.2b 51.0b 0.42a

360 7.9b 5.5a 1.0a 14.5a 30.4a 15.6a 46.1ab 60.5b 0.34a

1080 10.4a 9.9a 2.4a 22.6a 34.5a 18.3a 52.8a 75.5a 0.43a

D577 120 18.2b 32.4b 3.9b 54.5b 22.5a 28.5a 51.0a 105.5b 1.08b

360 27.8a 52.0a 6.0ab 85.8a 23.4a 26.2a 49.6a 135.5a 1.81a

1080 26.9a 53.5a 7.6a 88.1a 23.9a 29.6a 53.5a 141.6a 1.69a

C655 120 17.5b 32.6b 4.2a 54.3b 21.2a 30.4a 51.6a 105.9b 1.06b

360 26.7a 51.3a 6.5a 84.5a 23.0a 30.0a 53.0a 137.5a 1.67a

1080 26.1a 51.4a 5.8a 83.4a 23.5a 31.1a 54.5a 137.9a 1.55a

Gliadins and glutenins were determined by RP-HPLC. HMW, high molecular weight; LMW, low molecular weight.
Means with the same letter for each line and protein fraction are not significantly different as determined by LSD multiple comparisons at p < 0.05.
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type) and lines with silencing only of γ-gliadins (D577 and C655),
increased significantly when N fertilization increased from 120 to
360 mg, and from 120 to 1080 mg N, but not for 360 to 1080 mg
N. In contrast, for lines D783 and D793, this increment was only
significant when N was increased from 120 to 1080 mg, except
for γ-gliadins in the line D783, for which this increment was
not significant (Supplementary Table S1). The glutenin fractions,
total glutenins and total prolamins were also significantly affected
on all lines when N was increased from 120 to 1080 mg. In
addition, this increment was also significant from 120 to 360 mg
N for lines D577 and C655 (Supplementary Table S1).

As consequence of N fertilization, the distribution of gluten
protein changed among transgenic and wild type lines. Kernel
distribution of gluten proteins is important for technological
properties of doughs and it was studied in all lines. Figure 2
shows how the proportions of the protein fractions change with
N fertilization per flour unit. For BW208, the glutenin fraction
represents about 35% of the total prolamin content. Increasing N
from 120 to 360 mg increases the proportion of ω-gliadins and
γ-gliadins but reduces α-gliadins (Figure 2). Both lines D783 and

D793 showed similar behavior but with appreciable differences.
With a lower N treatment rate (120 mg) the glutenin fraction
represents about 70% of total storage proteins for line D783
(32% HMW and 35% LMW) and more than 70% for line D793
(45% HMW and 27% LMW). Increasing N from 120 to 360 mg
increases the total glutenin fraction by increasing the HMW,
and this increment is higher for line D793. The proportion
of α-gliadins is strongly reduced in line D793 and less so in
line D783. Increasing N from 360 to 1080 mg has no major
effects on the protein distribution for line D783 but reduces the
HMW and increases the α- and γ-gliadins proportions in line
D793 (Figure 2). Lines D577 and C655 also showed comparable
changes in the protein distribution. For these lines, the total
glutenins represent about 50% using the lower N treatment
rate (120 mg N). However, this proportion decreased to about
40% when N was increased from 120 to 360 mg and from 120
to 1080 mg by mainly increasing the proportions of α- and
ω-gliadins (Figure 2).

It is known that N is the main determinant of cereal grain
quality and yield. The number of grains and kernel weight are

FIGURE 2 | Changes in the proportions of storage proteins in relation to total prolamin content as affected by three nitrogen treatments. ω-,
ω-gliadins; α, α-gliadins; γ-, γ-gliadins; HMW, high molecular weight; LMW, low molecular weight.
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depicted in Figure 3. Overall, the number of grains increased with
N treatments, and the analysis of variance indicates significant
differences between the three N treatments (Figure 3A, box
plot). However, differences for kernel weight were only significant
when N was increased from 120 to 360 mg (Figure 3B, box
plot). Detailed analysis of all lines showed that the increment in
the number of grains was significant for all them when N was
increased from 120 to 1080 mg, and from 120 to 360 mg only
for lines D577 and C655 (Figure 3A, bar chart). Regarding kernel
weight, differences were significant when N was increased from
120 to 360 mg only for wild type and line D783 (Figure 3B,
bar chart). For these, lines the higher values were obtained using
360 mg N.

To know how N affects the total gluten content (ppm), it was
determined by the R5 monoclonal antibody and the results are
showed in Figure 4A. R5 is the reference technique of Codex
Alimentarius for quantifying the gluten content of foods. The

determination of gluten content in ppm by R5 was carried out
only in the wild type and transgenic lines D783 and D793, which
contain the ω/α-gliadin silencing fragment as they had lesser
contents of gluten (Gil-Humanes et al., 2010). Moreover, they
are promising lines as estimations of maximum tolerable daily
intake of bread, made using flour from these lines indicated
that they could be consumed by people with CD (Gil-Humanes
et al., 2014a). As expected, gluten content of low gliadin lines was
lesser than that of the wild type whatever N treatment was used
(Figure 4A). Gluten content increased for all three lines when
N was increased. However, this increment was only significant
for line BW208 (wild type) when N was increased from 120 to
1080 mg.

Experiment 2
For this experiment 120 and 1080 mg N, as in Experiment 1,
were used. In addition, we designed this experiment considering

FIGURE 3 | Number of grains (A) and kernel weight (g) (B) from Experiment 1. Box plots figures represent the number of grains per plant (A) and kernel weight
(B) with respect to N fertilization; bar charts describe the number of grains per plant (A) and kernel weight (B) from each line with N fertilization. Means with the same
letter for each line and N treatment are not significantly different as determined by LSD multiple comparisons at p < 0.05.

FIGURE 4 | Gluten content (ppm) by ELISA R5 of wild type and low-gliadin transgenic lines with different levels of nitrogen (mg N) from Experiments
1 (A) and 2 (B). ∗∗p < 0.01, means are significantly different as determined by LSD multiple comparisons of means.
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the N requirements of the plant during the development stage
(Figure 1). Thus, we decided to provide the same basis of N
in both treatments mixing the inert substrate with Urea that
provides 46% of N; therefore, all plants would have the same
levels of N during the tillering stage. The remaining N to reach the
specified values was provided using Ammonium Nitrate (34.5%
N) as indicated in Figure 1.

Overall changes in storage proteins, both for µg protein/mg
flour and for total grain protein (mg) accumulated per pot are
showed in Supplementary Table S2. Significant differences for
all protein fractions and total prolamins were found between
treatments at 120 and 1080 mg N. Detailed analysis for each
line and treatment is in Table 4. The analysis of variance for
gliadin and glutenin content, and total prolamins (µg/mg flour)
for both wild type (BW208) and transgenic lines, indicated
that wild type and line D783 presented highly significant
differences for all protein fractions when increasing N from
120 to 1080 mg. For both lines, γ-gliadins were those most
affected, with increments of 3.2 and 3.0 times for lines BW208
and D783, respectively. For line D793, all glutenin fractions,
ω-gliadins, and total gliadins increased significantly with the
1080 mg N treatment, providing a significant increment in
the total prolamin content (Table 4). The other line included
in this experiment, E82, which combines two different RNAi
constructs (Table 1), was only affected, when increasing the
N, in the ω-gliadin, HMW and total glutenins. The gliadin
to glutenin ratio was only significantly increased for line
BW208.

The proportions of the protein fractions and how they change
with N fertilization in relation to total prolamin content per flour
unit is outlined in Supplementary Figure S2. As showed, total
glutenins represented about 40% of total prolamins for the wild
type (BW208) in the lower N treatment rate (120 mg). For all
three transgenic lines the proportion of glutenins in the low N
treatment rate was higher than that of BW208, ranging from
about 65 to 70% for lines E82 and D783, and D793, respectively.
Both E82 and D793 lines had comparable proportions of LMW
to that of the BW208. All three transgenic lines had higher

proportions of HMW than the wild type at lower N treatment.
Increasing N reduced the proportion of LMW and increased
the γ-gliadins in the wild type, while for transgenic lines the
proportions of HMW were increased and the ω-gliadin fractions
significantly decreased for line D783.

Supplementary Figure S3 shows the effects of N fertilization
in Experiment 2 on the number of grains (A) and kernel weight
(B). Overall, the number of grains increased with the increment
of N fertilization. However, differences between N treatments
were not significant for the number of grains (Supplementary
Figure S3A, box plot). All lines, except the wild type, showed an
increase in the number of grains with N fertilization but with
no significant differences between treatments (Supplementary
Figure S3A, bar chart). Kernel weight decreased significantly with
N fertilization (Supplementary Figure S3B, box plot). In spite of
all the lines tending to reduce their kernel weight when increasing
N, differences were only significant for line E82 (Supplementary
Figure S3B, bar chart).

The results obtained by R5 for gluten content (ppm) indicate
that there are highly significant differences (p < 0.01) between
treatments for all lines in this Experiment 2 except for line E82,
which was not affected by the increment in the N fertilization
(Figure 4B). For lines D783 and D793, and BW208, gluten
content increased with N, and the wild type achieved the highest
increase in ppm of gluten from 45266 ppm with 120 mg N to
154903 ppm with 1080 mg N.

Protein Changes Comparison between
Experiments 1 and 2
We carried out a statistical analysis comparing N treatments
of 120 and 1080 mg N from both Experiments 1 and 2, using
the common lines present in both experiments, such as BW208,
D783, and D793 (Figure 5). Significant differences were found
between both experiments using 120 mg N (Figure 5A) but none
when 1080 mg N was used (Figure 5B). As showed, significant
differences were found for all protein fractions analyzed, which
had higher values in Experiment 1 than in Experiment 2 with

TABLE 4 | Gliadin and glutenin contents (µg/mg flour) of low-gliadin transgenics and wild type lines for two different nitrogen treatments from
Experiment 2.

RP-HPLC

Gliadins Glutenins

Line N (mg) ω α γ Total HMW LMW Total Prolamins Gli/Glu

BW208 120 7.7 14.9 8.9 31.5 7.3 13.1 20.4 51.9 1.56

1080 21.7∗∗∗ 42.6∗∗∗ 28.8∗∗∗ 93.1∗∗∗ 19.4∗∗∗ 28.1∗∗∗ 47.5∗∗∗ 140.6∗∗∗ 1.96∗∗∗

D783 120 7.7 7.5 1.8 17.0 14.4 16.2 30.6 47.6 0.55

1080 11.1∗∗∗ 15.6∗∗∗ 5.4∗∗∗ 32.1∗∗∗ 32.3∗∗∗ 33.6∗∗∗ 65.9∗∗∗ 98.0∗∗∗ 0.49

D793 120 9.1 6.7 0.8 16.6 23.1 15.9 39.1 55.6 0.43

1080 11.1∗∗ 8.3 1.3 20.7∗ 32.8∗∗∗ 19.7∗∗ 52.5∗∗∗ 73.3∗∗∗ 0.39

E82 120 8.6 5.2 0.3 14.2 16.6 10.7 27.3 41.5 0.53

1080 9.7∗ 5.6 0.4 15.7 20.0∗ 11.0 31.1∗∗ 46.8 0.51

Gliadins and glutenins were determined by RP-HPLC. HMW, high molecular weight; LMW, low molecular weight.
Means are significantly different between treatments for each line and protein fraction, as determined by LSD multiple comparisons: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.
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FIGURE 5 | Comparison of storage proteins from Experiments 1 and 2 using 120 mg N (A) and 1080 mg N (B). The bar chart shows the average values of
the lines for each protein fraction; ω-, ω-gliadins; α, α-gliadins; γ-, γ-gliadins; gli, total gliadins; HMW, high molecular weight; LMW, low molecular weight; glu, total
glutenins; pro, prolamins. Means are significantly different between experiments for 120 mg N; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; no significant differences for
1080 mg N.

120 mg N. Similar results were also found for gluten content as
determined by R5 monoclonal antibody (Figure 4), which was
much higher for the lower N treatment rate in Experiment 1
than in Experiment 2, but comparable results for 1080 mg N
(Figure 4).

DISCUSSION

It is known that the type and amount of proteins accumulated
during grain filling have a genetic component, but, also, the
environmental growing conditions, particularly N fertilization,
may cause changes in the quantity and distribution of these
proteins. Wieser and Seilmeier (1998) reported that the
composition of the protein fractions was more influenced
by the N nutrition than by temperature. In this work, we
analyzed the effect of N fertilization on the storage proteins
of a set of wheat lines targeted by RNAi to down-regulate
the gliadin fraction of gluten. Storage proteins, i.e., gluten
proteins, are particularly important not only to the bread
making quality of wheat but also to human health as they are
responsible for serious food intolerances that may affect up
to 7% of the population (Mariné et al., 2011; Sapone et al.,
2011). Two experiments, with two N fertilization strategies,
were designed to understand the response of these low-gliadin
lines to N fertilization and the changes that occur in gluten
proteins, particularly in the most CD immunogenic fractions
and those related to bread making quality. We have evaluated
the relationship between protein fractions for each line and
N treatment; changes in grain yield, kernel weight, and grain
production.

Experiment 1
Globally, the three N fertilizations tested in this experiment
had significant effects on the prolamin fractions (Table 2).
This increase of the grain proteins based on the increment
of N has previously been described (Wieser and Seilmeier,

1998; Garrido-Lestache et al., 2005; Xue et al., 2016). Moreover,
in our case, these differences were also dependent on the
genotype of the lines (Table 3). Thus, the transgenic lines
D577 and C655 had a very similar behavior to those wheat
lines described by Jia et al. (1996), in which there was an
increase in the proportion of gliadins without changes in the
glutenins when the N was increased. In the case BW208,
only ω-gliadin fraction increased, according to Daniel and
Triboi (2000), who obtained a slight increment in ω-gliadin
fractions with increasing N. Similar results were found by Wieser
and Seilmeier (1998) and they suggested that this increase in
ω-gliadins might be due to the high level of glutamine that these
fractions contain. However, in contrast to literature describing
a decrease in α- and γ- gliadins (Daniel and Triboi, 2000),
our results not showed significant differences in these gliadin
fractions.

Differences in the down-regulation of gliadins of each line
used in this study were depending on plasmid combination
(Table 3), which confirmed results previously reported (Gil-
Humanes et al., 2010; Piston et al., 2013). In Experiment 1,
the transgenic lines with only γ-gliadins silenced (D577 and
C655) had a low content of those gliadin fractions in all three
N treatments, but not the α- and ω-gliadins, which increased
with N. In fact, our results show that the strong silencing is
more stable in the line C655 than in D577 despite the change
in fertilization, since α-, ω-, and total gliadins are modified,
but γ-gliadins remain constant in line C655 and the total
content of gliadins was comparable to that of the wild type
line (Table 3). Line D577 presented a significant increase in
γ-gliadins from 120 to 1080 mg N, although data were lower
than those of the control in spite of no significant changes
occurring in the wild type. Lines D783 and D793 kept their
strong silencing pattern, except for ω-gliadins of line D793,
and were not affected by the increment in the N fertilization.
Moreover, the increase in N led to incrementing the glutenin
fractions of lines D783 and D793, which could be desirable
as increased dough elasticity and toughness, thus reducing the
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energy required for mixing, have been described when increasing
glutenins (Zhao et al., 1999b; Wooding et al., 2000a,b; Flæte
et al., 2005). A possible explanation to clarify these results could
be that changes in specific protein fractions produced by N
fertilization are related to silencing targets used to generate
the lines of this study (Gil-Humanes et al., 2010; Barro et al.,
2016). Hence, in lines with the γ-gliadin target (D577 and C655),
there was an increase in total gliadins without any change in
glutenins. In the case of lines with α/β-, γ-, ω-gliadin target
(D783 and D793) an increment in glutenins was obtained
without increasing total gliadins. As a consequence, the gliadin
to glutenin ratio has been increased by N fertilization in D577
and C655 without modifications in lines BW208, D783, and
D793.

On the other hand, all gliadins and glutenins fractions
accumulated in the grain were affected in response to N
fertilization (Supplementary Table S1). In this case, all lines
tended to increase the grain protein content from 120 to
1080 mg N. This may be because, in Experiment 1, the total
quantity of N, for each treatment, was added at the beginning
(Figure 1), resulting in a direct relationship between increased
grain production, and increased N fertilization (p < 0.05)
(Figure 3A). These findings would be in agreement with Van
Herwaarden (1996) supporting that plants use available N to
increase tillering and the remaining N is targeted to synthesize
the wheat proteins. In this way, plants that had received less
N used up less N in the grain production, and the amount
of N used for protein synthesis in the grain was practically
equal to that employed by the plants fertilized with high N
rate (Table 3). In agreement with Oscarson (2000), who found
a direct relationship between N and number of grains, this
becomes clear when the grain production is compared between
all three N treatments. Increasing N tends to increase grain
production, with significant differences between all treatments.
According to Oscarson (2000), in our study the grain weight
was not modified with increasing N. It might indicate that
the N availability gave rise to reservoirs directed to higher
tiller production and more number of grains. Moreover, the
kernel weight even tended to decrease from 360 to 1080 mg N,
agreeing with what was described by Van Herwaarden (1996)
(Figure 3B).

Regarding the gluten content (ppm) determined by
monoclonal antibody R5, the results of Experiment 1
(Figure 4A) showed an increment in gluten content (ppm)
as a result of N supplies for the wild type (BW208), but in
the case of lines D783 and D793, no differences between N
treatments and gluten content were found. Based on these
results, and corroborating them with Table 3, the gluten
(ppm) values for lines D783 and D793 are related to lack of
changes in the gliadin fractions with increment of N. The
strong silencing of gliadins in lines D783 and D793 prevents the
accumulation of toxic epitopes by increasing N, since gliadins,
mainly α-gliadins, are considered to be potentially toxic for
patients with CD (Jabri and Sollid, 2006). Figure 2 shows
that, in lines D783 and D793, the α-gliadins fraction largely
decreases when N is increased from 120 to 360 mg N, and
this is coupled with an increase in HMW. The increment of

glutenins, without increasing toxicity, is of a great significance
for celiac food product preparation as they may/could conserve
good nutritional and rheological properties with low-gliadin
content.

Experiment 2
This experiment was developed on the basis of results obtained
during Experiment 1 using two of the lines D783 and D793,
one new transgenic line (E82) and the wild type (BW208). Line
E82 contains a combination of the two silencing fragments
used in the experiment I. Therefore, in the light of results
from Experiment I, this combination of fragments will provide
essential information of how both fragments can work together.
Storage protein content reached the largest differences in
experiment 1 comparing 120 and 1080 mg N (Table 2). So,
we decided to fertilize only with these amounts and split N
applications as reported by Garrido-Lestache et al. (2004), who
agreed with an improved wheat quality linked to splitting N.
The fertilization design included the supply of ammonium nitrate
at different stages to avoid any of its toxic effects on plants as
described in Cox and Reisenauer (1973).

Overall, in this experiment there were differences, both
per flour unit and total grain N per pot between treatments,
indicating that even with different fertilization strategies, a higher
N rate provides a greater accumulation of all gliadin and glutenin
fractions and total prolamin content (Triboï et al., 2003; Matre
et al., 2006) (Supplementary Table S2).

Lines used in this study exhibited different gliadin profiles
as a consequence of the specific silencing by RNAi fragments
and promoters. The storage protein modifications induced
by fertilization were different, depending on the line. The
reduction of gliadins, in lines D783 and D793, was reported
as being 69.8 and 87.9%, respectively (Gil-Humanes et al.,
2010), suggesting that line D793 had a greater potential of
silencing that line D783. Table 4 showed that the high N
rate supplied in line D793 had a lesser effect on the gliadins
composition than for D783. Only ω- and total gliadins increased
with N in D793, while all glutenin fractions increased with
increasing N in both D783 and D793 lines. Line E82, which
was developed with a combination of two silencing fragments
(γ-gliadin + ω/α-gliadin), displayed the highest level of down-
regulation of gliadins (Gil-Humanes et al., 2010). This line
showed the most unaltered protein fraction profile whatever
N treatment was used, and only the ω-gliadins, HMW and
total glutenins were amended with increasing N (Table 4).
Furthermore, in agreement with Xue et al. (2016), our results
confirmed that split N fertilizations affected the distribution of
N in the grain, resulting in an increase of both gliadins and
glutenins. This could be the result of the way in which the
amino acids are exported to the phloem for the synthesis of
the proteins. One of the two reservoirs destined to provide the
amino acids to the phloem is fed through the N absorbed by
the plant. The second reservoir, which would act as a store,
accumulates the amino acids in stages in which the N is not
limiting and, when the first reservoir is depleted, it releases
those amino acids slowly (Barneix, 2007). Moreover, in our
study both HMW-GS and LMW-GS increased with split N
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applications, in contrast to other studies (Daniel and Triboi, 2000;
Shewry et al., 2001; Hurkman et al., 2013) who described an
increment in the low S-proteins (HMW-GS) and a decrease in the
high S-proteins (LMW-GS) with N fertilization, suggesting that
split N application could promote the N availability compared
to S.

The gliadin to glutenin ratio was only increased by N
fertilization in the wild type, which agrees with Kindred et al.
(2008), who calculated the proportion of gliadins and glutenins
using SE-HPLC, and they found that increasing grain protein by
N fertilization is associated with increased proportion of gliadins,
and, thus, with an increase in the gliadin to glutenin ratio. Similar
results have been reported by Wieser and Seilmeier (1998) and
Daniel and Triboi (2000).

In relation to the gluten content (ppm) detected by R5 ELISA,
the latter increased by increasing N rate for wild type (BW208),
and lines D783 and D793 (Figure 4B). One explanation for this
could be that, at 1080 mg N, the synthesis of grain proteins
was favored instead of tillering and grain production, but not
with 120 mg N, resulting in a direct relationship between N
and gluten content (ppm). However, line E82’s gluten content
was not affected (ppm) by N addition. This could be due to
the great efficiency of the RNAi down-regulation in this line
(Gil-Humanes et al., 2010; Barro et al., 2016). Supporting these
results, Supplementary Figure S2 shows that lines D793 and E82
present similar proportions of the protein fractions in relation to
total prolamin content. The difference between these two lines
is that the total prolamin content is higher in line D793 than in
E82 (Table 4). This increment in line D793 depends on ω- and
total gliadins, and glutenins. Therefore, although the distribution
of storage proteins is comparable between the two lines, the
toxicity determined by R5 is different (Figure 4B). Regarding
line D783 with 120 mg N, the prolamin content is intermediate
between D793 and E82 (Table 4). This could indicate that the
promoter of line D793 (γ-gliadin promoter) is more effective in
the silencing of gliadins than that of D783 (d-hordein promoter).
On the other hand, lines D783 and E82 share the d-hordein
promoter, but the effectiveness of the silencing is higher in line
E82, indicating that it is required to combine the two silencing
fragments.

On the other hand, increasing N is not correlated with
an increase in the number of grains or in the kernel weight
(Supplementary Figure S3). This could also be due to the split
N applications were used during the two periods of greatest need.
Thus, each plant had the same N amount available during tillering
(Figure 1), leading to no correlation between grain production
and N. This fertilization strategy allowed the accumulation of
different amounts of wheat proteins but not the increment in the
number of grains and kernel weight.

In both experiments, N directed toward forming the
prolamins of wheat was increased by increasing the amount
of fertilizer, leading to higher gluten proteins. In agreement
with Xue et al. (2016) describing that the increment of grain
protein concentration is mainly influenced by the increase of
N rather than split N applications, our results show that in
both experiments the protein concentration using 1080 mg N
is the same with and without split N applications (Figure 5B).

However, the fertilization strategy could explain differences for
storage proteins between Experiments 1 and 2, when 120 mg N
was used (Figure 5A). During the wheat tillering, in Experiment
1 there was twice as much N as in Experiment 2 and therefore
there was more N for protein synthesis. These results fit in
well with gluten content (ppm) (Figure 4), and when using
1080 mg N (Figure 4B) gluten content for wheat lines (ppm)
the latter are comparable between both experiments; however,
when 120 mg N was used (Figure 4A), wheat lines had
lower values of gluten content (ppm) in Experiment 2 than
in Experiment 1, especially for lines BW208 and D783. In
support of that, on comparing gliadin and glutenin contents
from Experiment 1 (Table 3) and Experiment 2 (Table 4),
it was observed that both BW208 and D783 accumulated
about twice as much protein, considering all protein fractions,
during Experiment 1 than in Experiment 2. In contrast, line
D793 had comparable amounts of protein fractions in both
experiments.

Moreover, previous studies found that the increment of
metabolic proteins was not proportional to the N inputs,
indicating that once the needs of the metabolic proteins are
covered, the rest of the N is used to accumulate storage proteins
(Johansson et al., 2001; Fuertes-Mendizábal et al., 2010). Our
results fit this model well, since transgenic lines used in this
study, presented increases in albumin and globulin fractions to
compensate the suppression of gliadins and providing a similar
total protein content to wild type (Gil-Humanes et al., 2011).

CONCLUSION

Results indicated that providing 120 mg N, the gliadins, glutenins,
and total prolamins accumulation during Experiment 1 was
twice that of Experiment 2, and the gluten content (ppm)
determined in Experiment 1 for BW208, D783, and D793 was
3.0, 2.5, and 1.3 times higher than that in Experiment 2,
respectively. This could indicate that split N and by adding
120 mg N is desirable for a lower gluten content (ppm). Results
obtained for the line E82 are of the great importance for N
fertilization, as increasing N input will not result in increased
gluten content (ppm), and therefore it would be easier to manage
by farmers when the development of foodstuff for CD patients
or other gluten intolerance group using these low-gliadin lines is
intended.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: FB and MG-M.
Performed the experiments: MG-M. Analyzed the data: FB and
MG-M. Wrote the paper: FB and MG-M.

FUNDING

The Spanish Ministry of Economy and Competitiveness (Projects
AGL2013-48946-C3-1-R and AGL2016-80566-P), the European

Frontiers in Plant Science | www.frontiersin.org 11 February 2017 | Volume 8 | Article 257

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00257 February 23, 2017 Time: 18:51 # 12

García-Molina and Barro Nitrogen and Low-Gliadin wheat

Regional Development Fund (FEDER) and Junta de
Andalucía (Project P11-AGR-7920) supported this
work.

ACKNOWLEDGMENTS

The technical assistance of Ana García and Carmen V.
Ozuna is acknowledged. MG-M thanks the Spanish Ministry

of Economy and Competitiveness for granting her a Ph.D.
fellowship.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fpls.2017.00257/
full#supplementary-material

REFERENCES
Barneix, A. J. (2007). Physiology and biochemistry of source-regulated protein

accumulation in the wheat grain. J. Plant Physiol. 164, 581–590. doi: 10.1016/
j.jplph.2006.03.009

Barro, F., Iehisa, J. C. M., Giménez, M. J., García-Molina, M. D., Ozuna, C. V.,
Comino, I., et al. (2016). Targeting of prolamins by RNAi in bread wheat:
effectiveness of seven silencing-fragment combinations for obtaining lines
devoid of coeliac disease epitopes from highly immunogenic gliadins. Plant
Biotechnol. J. 14, 986–996. doi: 10.1111/pbi.12455

Bartels, D., and Thompson, R. D. (1986). Synthesis of mRNAs coding for abundant
endosperm proteins during wheat grain development. Plant Sci. 46, 117–125.
doi: 10.1016/0168-9452(86)90118-4

Comino, I., Real, A., Gil-Humanes, J., Pistón, F., De Lorenzo, L., Moreno,
M. D. L., et al. (2012). Significant differences in coeliac immunotoxicity of barley
varieties. Mol. Nutr. Food Res. 56, 1697–1707. doi: 10.1002/mnfr.201200358

Cox, W. J., and Reisenauer, H. M. (1973). Growth and ion uptake by wheat
supplied nitrogen as nitrate, or ammonium, or both. Plant Soil 38, 363–380.
doi: 10.1007/BF00779019

Daniel, C., and Triboi, E. (2000). Effects of temperature and nitrogen nutrition
on the grain composition of winter wheat: effects on gliadin content and
composition. J. Cereal Sci. 32, 45–56. doi: 10.1006/jcrs.2000.0313

De Palma, G., Nadal, I., Collado, M. C., and Sanz, Y. (2009). Effects of a gluten-free
diet on gut microbiota and immune function in healthy adult human subjects.
Br. J. Nutr. 102, 1154–1160. doi: 10.1017/S0007114509371767

Farrell, R. J., and Kelly, C. P. (2001). Diagnosis of celiac sprue. Am. J. Gastroenterol.
96, 3237–3246. doi: 10.1111/j.1572-0241.2001.05320.x

Flæte, N. E. S., Hollung, K., Ruud, L., Sogn, T., Færgestad, E. M., Skarpeid, H. J.,
et al. (2005). Combined nitrogen and sulphur fertilisation and its effect on
wheat quality and protein composition measured by SE-FPLC and proteomics.
J. Cereal Sci. 41, 357–369. doi: 10.1016/j.jcs.2005.01.003

Fuertes-Mendizábal, T., Aizpurua, A., González-Moro, M. B., and Estavillo, J. M.
(2010). Improving wheat breadmaking quality by splitting the N fertilizer rate.
Eur. J. Agron. 33, 52–61. doi: 10.1016/j.eja.2010.03.001

Fullington, J. G., Miskelly, D. M., Wrigley, C. W., and Kasarda, D. D. (1987).
Quality-related endosperm proteins in sulfur-deficient and normal wheat grain.
J. Cereal Sci. 5, 233–245. doi: 10.1016/S0733-5210(87)80025-5

Garrido-Lestache, E., López-Bellido, R. J., and López-Bellido, L. (2004). Effect of N
rate, timing and splitting and N type on bread-making quality in hard red spring
wheat under rainfed Mediterranean conditions. Field Crop Res. 85, 213–236.
doi: 10.1016/S0378-4290(03)00167-9

Garrido-Lestache, E., López-Bellido, R. J., and López-Bellido, L. (2005). Durum
wheat quality under Mediterranean conditions as affected by N rate, timing and
splitting, N form and S fertilization. Eur. J. Agron. 23, 265–278. doi: 10.1016/j.
eja.2004.12.001

Giese, H., and Hopp, H. E. (1984). Influence of nitrogen nutrition on the amount
of hordein, protein Z and β-amylase messenger RNA in developing endosperms
of barley. Carlsberg Res. Commun. 49, 365–383. doi: 10.1007/BF02907780

Gil-Humanes, J., Pistón, F., Altamirano-Fortoul, R., Real, A., Comino, I., Sousa, C.,
et al. (2014a). Reduced-gliadin wheat bread: an alternative to the gluten-free
diet for consumers suffering gluten-related pathologies. PLoS ONE 9:e90898.
doi: 10.1371/journal.pone.0090898

Gil-Humanes, J., Pistón, F., Barro, F., and Rosell, C. M. (2014b). The Shutdown
of Celiac Disease-Related gliadin epitopes in bread wheat by RNAi provides
flours with increased stability and better tolerance to over-mixing. PLoS ONE
9:e91931. doi: 10.1371/journal.pone.0091931

Gil-Humanes, J., Pistón, F., Shewry, P. R., Tosi, P., and Barro, F. (2011).
Suppression of gliadins results in altered protein body morphology in wheat.
J. Exp. Bot. 62, 4203–4213. doi: 10.1093/jxb/err119

Gil-Humanes, J., Pistón, F., Tollefsen, S., Sollid, L. M., and Barro, F. (2010).
Effective shutdown in the expression of celiac disease-related wheat gliadin
T-cell epitopes by RNA interference. Proc. Natl. Acad. Sci. U.S.A. 107,
17023–17028. doi: 10.1073/pnas.1007773107

Hoagland, D., and Arnon, D. (1950).TheWater-CultureMethod for Growing Plants
without Soil. Berkeley, CA: College of Agriculture, University of California.

Hurkman, W. J., Tanaka, C. K., Vensel, W. H., Thilmony, R., and Altenbach,
S. B. (2013). Comparative proteomic analysis of the effect of temperature and
fertilizer on gliadin and glutenin accumulation in the developing endosperm
and flour from Triticum aestivum L. cv. Butte 86. Proteome Sci. 11:8.
doi: 10.1186/1477-5956-11-8

Jabri, B., and Sollid, L. M. (2006). Mechanisms of disease: immunopathogenesis
of celiac disease. Nat. Rev. Gastroenterol. Hepatol. 3, 516–525. doi: 10.1038/
ncpgasthep0582

Jia, Y. Q., Fabre, J. L., and Aussenac, T. (1996). Effects of growing location
on response of protein polymerization to increased nitrogen fertilization for
the common wheat cultivar Soissons: relationship with some aspects of the
breadmaking quality. Cereal Chem. 73, 526–532.

Johansson, E., Prieto-Linde, M. L., and Jönsson, J. Ö (2001). Effects of
wheat cultivar and nitrogen application on storage protein composition and
breadmaking quality. Cereal Chem. 78, 19–25. doi: 10.1094/CCHEM.2001.
78.1.19

Kindred, D. R., Verhoeven, T. M. O., Weightman, R. M., Swanston, J. S.,
Agu, R. C., Brosnan, J. M., et al. (2008). Effects of variety and fertiliser
nitrogen on alcohol yield, grain yield, starch and protein content, and protein
composition of winter wheat. J. Cereal Sci. 48, 46–57. doi: 10.1016/j.jcs.2007.
07.010

López-Bellido, L., Fuentes, M., Castillo, J. E., and López-Garrido, F. J. (1998).
Effects of tillage, crop rotation and nitrogen fertilization on wheat-grain quality
grown under rainfed Mediterranean conditions. Field Crop Res. 57, 265–276.
doi: 10.1016/S0378-4290(97)00137-8

Mariné, M., Farre, C., Alsina, M., Vilar, P., Cortijo, M., Salas, A., et al. (2011). The
prevalence of coeliac disease is significantly higher in children compared with
adults. Aliment. Pharmacol. Ther. 33, 477–486. doi: 10.1111/j.1365-2036.2010.
04543.x

Matre, P., Jamieson, P. D., Semenov, M. A., Zyskowski, R. F., Porter, J. R., and
Triboï, E. (2006). Modelling protein content and composition in relation to
crop nitrogen dynamics for wheat. Eur. J. Agron. 25, 138–154. doi: 10.1016/j.
eja.2006.04.007

Mena, M. C., Lombardía, M., Hernando, A., Méndez, E., and Albar, J. P. (2012).
Comprehensive analysis of gluten in processed foods using a new extraction
method and a competitive ELISA based on the R5 antibody. Talanta 91, 33–40.
doi: 10.1016/j.talanta.2011.12.073

Moss, H. J., Randall, P. J., and Wrigley, C. W. (1983). Alteration to grain, flour and
dough quality in three wheat types with variation in soil sulfur supply. J. Cereal
Sci. 1, 255–264. doi: 10.1016/S0733-5210(83)80013-7

Oscarson, P. (2000). “The strategy of the wheat plant in the production of grains
at reduced nitrogen availability,” in Plant Nutrition–Molecular Biology and
Genetics: Proceedings of the Sixth International Symposium on Genetics and
Molecular Biology of Plant Nutrition, eds G. Gissel-Nielsen and A. Jensen
(Dordrecht: Springer), 65–68.

Piston, F., Gil-Humanes, J., and Barro, F. (2013). Integration of promoters, inverted
repeat sequences and proteomic data into a model for high silencing efficiency

Frontiers in Plant Science | www.frontiersin.org 12 February 2017 | Volume 8 | Article 257

http://journal.frontiersin.org/article/10.3389/fpls.2017.00257/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fpls.2017.00257/full#supplementary-material
https://doi.org/10.1016/j.jplph.2006.03.009
https://doi.org/10.1016/j.jplph.2006.03.009
https://doi.org/10.1111/pbi.12455
https://doi.org/10.1016/0168-9452(86)90118-4
https://doi.org/10.1002/mnfr.201200358
https://doi.org/10.1007/BF00779019
https://doi.org/10.1006/jcrs.2000.0313
https://doi.org/10.1017/S0007114509371767
https://doi.org/10.1111/j.1572-0241.2001.05320.x
https://doi.org/10.1016/j.jcs.2005.01.003
https://doi.org/10.1016/j.eja.2010.03.001
https://doi.org/10.1016/S0733-5210(87)80025-5
https://doi.org/10.1016/S0378-4290(03)00167-9
https://doi.org/10.1016/j.eja.2004.12.001
https://doi.org/10.1016/j.eja.2004.12.001
https://doi.org/10.1007/BF02907780
https://doi.org/10.1371/journal.pone.0090898
https://doi.org/10.1371/journal.pone.0091931
https://doi.org/10.1093/jxb/err119
https://doi.org/10.1073/pnas.1007773107
https://doi.org/10.1186/1477-5956-11-8
https://doi.org/10.1038/ncpgasthep0582
https://doi.org/10.1038/ncpgasthep0582
https://doi.org/10.1094/CCHEM.2001.78.1.19
https://doi.org/10.1094/CCHEM.2001.78.1.19
https://doi.org/10.1016/j.jcs.2007.07.010
https://doi.org/10.1016/j.jcs.2007.07.010
https://doi.org/10.1016/S0378-4290(97)00137-8
https://doi.org/10.1111/j.1365-2036.2010.04543.x
https://doi.org/10.1111/j.1365-2036.2010.04543.x
https://doi.org/10.1016/j.eja.2006.04.007
https://doi.org/10.1016/j.eja.2006.04.007
https://doi.org/10.1016/j.talanta.2011.12.073
https://doi.org/10.1016/S0733-5210(83)80013-7
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00257 February 23, 2017 Time: 18:51 # 13

García-Molina and Barro Nitrogen and Low-Gliadin wheat

of coeliac disease related gliadins in bread wheat. BMC Plant Biol 13:136.
doi: 10.1186/1471-2229-13-136

Pistón, F., Gil-Humanes, J., Rodríguez-Quijano, M., and Barro, F. (2011). Down-
regulating γ-gliadins in bread wheat leads to non-specific increases in other
gluten proteins and has no major effect on dough gluten strength. PLoS ONE
6:e24754. doi: 10.1371/journal.pone.0024754

Pistón, F., León, E., Lazzeri, P. A., and Barro, F. (2008). Isolation of two
storage protein promoters from Hordeum chilense and characterization of their
expression patterns in transgenic wheat. Euphytica 162, 371–379. doi: 10.1007/
s10681-007-9530-3

Pistón, F., Marín, S., Hernando, A., and Barro, F. (2009). Analysis of the activity
of a γ-gliadin promoter in transgenic wheat and characterization of gliadin
synthesis in wheat by MALDI-TOF during grain development. Mol. Breed. 23,
655–667. doi: 10.1007/s11032-009-9263-1

Rahman, S., Kreis, M., Forde, B. G., Shewry, P. R., and Miflin, B. J. (1984).
Hordein-gene expression during development of the barley (Hordeum vulgare)
endosperm. Biochem. J. 223, 315–322. doi: 10.1042/bj2230315

Sapone, A., Lammers, K., Casolaro, V., Cammarota, M., Giuliano, M., De Rosa, M.,
et al. (2011). Divergence of gut permeability and mucosal immune gene
expression in two gluten-associated conditions: celiac disease and gluten
sensitivity. BMCMed. 9:23. doi: 10.1186/1741-7015-9-23

Shewry, P. R., D’ovidio, R., Lafiandra, D., Jenkins, J. A., Clare Mills, E. N., and
Békés, F. (2009). “Wheat grain proteins,” inWHEAT: Chemistry and Technology,
eds K. Khan and P. R. Shewry (St Paul, MN: American Association of Cereal
Chemist), 223–298. doi: 10.1094/9781891127557.008

Shewry, P. R., and Halford, N. G. (2002). Cereal seed storage proteins: structures,
properties and role in grain utilization. J. Exp. Bot. 53, 947–958. doi: 10.1093/
jexbot/53.370.947

Shewry, P. R., Napier, J. A., and Tatham, A. S. (1995). Seed storage proteins:
structures and biosynthesis. Plant Cell 7, 945–956. doi: 10.1105/tpc.7.7.945

Shewry, P. R., and Tatham, A. S. (1997). Disulphide bonds in wheat gluten proteins.
J. Cereal Sci. 25, 207–227. doi: 10.1006/jcrs.1996.0100

Shewry, P. R., Tatham, A. S., Forde, J., Kreis, M., and Miflin, B. J. (1986).
The classification and nomenclature of wheat gluten proteins: a reassessment.
J. Cereal Sci. 4, 97–106. doi: 10.1016/S0733-5210(86)80012-1

Shewry, P. R., Tatham, A. S., and Halford, N. G. (2001). Nutritional control of
storage protein synthesis in developing grain of wheat and barley. Plant Growth
Regul. 34, 105–111. doi: 10.1007/BF00393176

Silvester, J. A., and Rashid, M. (2007). Long-term follow-up of individuals with
celiac disease: an evaluation of current practice guidelines. Can. J. Gastroenterol.
21, 557–564. doi: 10.1155/2007/342685

Spomer, L. A., Berry, W. L., and Tibbits, T. W. (1997). “Plant culture in solid
media,” in Plant Growth Chamber Handbook, eds R. W. Langhans and T. W.
Tibbitts (Ames, IA: Agriculture Information Services, Iowa State University),
105–118.

Triboï, E., Martre, P., and Triboï-Blondel, A.-M. (2003). Enviromentally-induced
changes in protein composition in developing grains of wheat are related to
changes in total protein content. J. Exp. Bot. 54, 1731–1742. doi: 10.1093/jxb/
erg183

Trier, J. S. (1998). Diagnosis of celiac sprue. Gastroenterology 115, 211–216.
doi: 10.1016/S0016-5085(98)70383-X

Van Herwaarden, A. F. (1996). “Haying-off in wheat: enduring myth or
current problem?,” in Agronomy-Science with its Sleeves Rolled up, ed.
M. Asghar (Toowoomba, QLA: University of Southern Queensland),
566–569.

Ventura, A., Magazzù, G., and Greco, L. (1999). Duration of exposure to gluten and
risk for autoimmune disorders in patients with celiac disease. Gastroenterology
117, 297–303. doi: 10.1053/gast.1999.0029900297

Wieser, H., Antes, S., and Seilmeier, W. (1998). Quantitative determination of
gluten protein types in wheat flour by reversed-phase high-performance liquid
chromatography. Cereal Chem. 75, 644–650. doi: 10.1094/CCHEM.1998.75.5.
644

Wieser, H., Gutser, R., and Von Tucher, S. (2004). Influence of sulphur fertilisation
on quantities and proportions of gluten protein types in wheat flour. J. Cereal
Sci. 40, 239–244. doi: 10.1016/j.jcs.2004.05.005

Wieser, H., and Seilmeier, W. (1998). The influence of nitrogen fertilisation on
quantities and proportions of different protein types in wheat flour. J. Sci.
Food Agric. 76, 49–55. doi: 10.1002/(SICI)1097-0010(199801)76:1<49::AID-
JSFA950>3.0.CO;2-2

Wooding, A. R., Kavale, S., Macritchie, F., Stoddard, F. L., and Wallace, A.
(2000a). Effects of nitrogen and sulfur fertilizer on protein composition, mixing
requirements, and dough strength of four wheat cultivars. Cereal Chem. 77,
798–807. doi: 10.1094/CCHEM.2000.77.6.798

Wooding, A. R., Kavale, S., Wilson, A. J., and Stoddard, F. L. (2000b). Effects of
nitrogen and sulfur fertilization on commercial-scale wheat quality and mixing
requirements. Cereal Chem. 77, 791–797. doi: 10.1094/CCHEM.2000.77.6.791

Wrigley, C., Cros, D., Archer, M., Downie, P., and Roxburgh, C. (1980). The sulfur
content of wheat endosperm proteins and its relevance to grain quality. Funct.
Plant Biol. 7, 755–766. doi: 10.1071/pp9800755

Wrigley, C. W., Du Cros, D. L., Fullington, J. G., and Kasarda, D. D. (1984).
Changes in polypeptide composition and grain quality due to sulfur deficiency
in wheat. J. Cereal Sci. 2, 15–24. doi: 10.1016/S0733-5210(84)80003-X

Xue, C., Schulte Auf ’m Erley, G., Rossmann, A., Schuster, R., Koehler, P., and
Muehling, K. H. (2016). Split nitrogen application improves wheat baking
quality by influencing protein composition rather than concentration. Front.
Plant Sci. 7:738. doi: 10.3389/fpls.2016.00738

Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the
growth stages of cereals. Weed Res. 14, 415–421. doi: 10.1111/j.1365-3180.1974.
tb01084.x

Zhao, F. J., Hawkesford, M. J., and Mcgrath, S. P. (1999a). Sulphur assimilation and
effects on yield and quality of wheat. J. Cereal Sci. 30, 1–17. doi: 10.1006/jcrs.
1998.0241

Zhao, F. J., Salmon, S. E., Withers, P. J. A., Monaghan, J. M., Evans, E. J., Shewry,
P. R., et al. (1999b). Variation in the breadmaking quality and rheological
properties of wheat in relation to sulphur nutrition under field conditions.
J. Cereal Sci. 30, 19–31. doi: 10.1006/jcrs.1998.0244

Zuidmeer, L., Goldhahn, K., Rona, R. J., Gislason, D., Madsen, C., Summers, C.,
et al. (2008). The prevalence of plant food allergies: a systematic review.
J. Allergy Clin. Immunol. 121, 1210–1218. doi: 10.1016/j.jaci.2008.02.019

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 García-Molina and Barro. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 13 February 2017 | Volume 8 | Article 257

https://doi.org/10.1186/1471-2229-13-136
https://doi.org/10.1371/journal.pone.0024754
https://doi.org/10.1007/s10681-007-9530-3
https://doi.org/10.1007/s10681-007-9530-3
https://doi.org/10.1007/s11032-009-9263-1
https://doi.org/10.1042/bj2230315
https://doi.org/10.1186/1741-7015-9-23
https://doi.org/10.1094/9781891127557.008
https://doi.org/10.1093/jexbot/53.370.947
https://doi.org/10.1093/jexbot/53.370.947
https://doi.org/10.1105/tpc.7.7.945
https://doi.org/10.1006/jcrs.1996.0100
https://doi.org/10.1016/S0733-5210(86)80012-1
https://doi.org/10.1007/BF00393176
https://doi.org/10.1155/2007/342685
https://doi.org/10.1093/jxb/erg183
https://doi.org/10.1093/jxb/erg183
https://doi.org/10.1016/S0016-5085(98)70383-X
https://doi.org/10.1053/gast.1999.0029900297
https://doi.org/10.1094/CCHEM.1998.75.5.644
https://doi.org/10.1094/CCHEM.1998.75.5.644
https://doi.org/10.1016/j.jcs.2004.05.005
https://doi.org/10.1002/(SICI)1097-0010(199801)76:1<49::AID-JSFA950>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-0010(199801)76:1<49::AID-JSFA950>3.0.CO;2-2
https://doi.org/10.1094/CCHEM.2000.77.6.798
https://doi.org/10.1094/CCHEM.2000.77.6.791
https://doi.org/10.1071/pp9800755
https://doi.org/10.1016/S0733-5210(84)80003-X
https://doi.org/10.3389/fpls.2016.00738
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1006/jcrs.1998.0241
https://doi.org/10.1006/jcrs.1998.0241
https://doi.org/10.1006/jcrs.1998.0244
https://doi.org/10.1016/j.jaci.2008.02.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

	Characterization of Changes in Gluten Proteins in Low-Gliadin Transgenic Wheat Lines in Response to Application of Different Nitrogen Regimes
	Introduction
	Materials And Methods
	Plant Material
	Fertilization Experiments
	Experiment 1
	Experiment 2

	Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC)
	Competitive R5 ELISA
	Statistics

	Results
	Experiment 1
	Experiment 2
	Protein Changes Comparison between Experiments 1 and 2

	Discussion
	Experiment 1
	Experiment 2

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


