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Abstract

Background: In higher plants, inorganic nitrogen is assimilated via the glutamate synthase cycle or GS-GOGAT pathway.
GOGAT enzyme occurs in two distinct forms that use NADH (NADH-GOGAT) or Fd (Fd-GOGAT) as electron carriers. The goal
of the present study was to characterize wheat Fd-GOGAT genes and to assess the linkage with grain protein content (GPC),
an important quantitative trait controlled by multiple genes.

Results: We report the complete genomic sequences of the three homoeologous A, B and D Fd-GOGAT genes from
hexaploid wheat (Triticum aestivum) and their localization and characterization. The gene is comprised of 33 exons and 32
introns for all the three homoeologues genes. The three genes show the same exon/intron number and size, with the only
exception of a series of indels in intronic regions. The partial sequence of the Fd-GOGAT gene located on A genome was
determined in two durum wheat (Triticum turgidum ssp. durum) cvs Ciccio and Svevo, characterized by different grain
protein content. Genomic differences allowed the gene mapping in the centromeric region of chromosome 2A. QTL analysis
was conducted in the Svevo xCiccio RIL mapping population, previously evaluated in 5 different environments. The study
co-localized the Fd-GOGAT-A gene with the marker GWM-339, identifying a significant major QTL for GPC.

Conclusions: The wheat Fd-GOGAT genes are highly conserved; both among the three homoeologous hexaploid wheat
genes and in comparison with other plants. In durum wheat, an association was shown between the Fd-GOGAT allele of cv
Svevo with increasing GPC - potentially useful in breeding programs.
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Introduction The history of the discovery of the two enzymes, their structure,
and gene regulation has been well documented [3,4]. In plants,
GOGAT enzyme occurs in two forms, depending on the electron
donor involved in the reaction: it exist as a ferredoxin (I'd)

in both the assimilation and dissimilation of ammonia and is dependent (EC 1.4.7.1), and a NADH dependent (EC 1.4.1.14)
transferred to all other amino acids. In addition, both the carbon ’

skeleton and o-amino group form the basis for the synthesis of y-
aminobutyric acid (GABA), arginine, and proline. Glutamate is
also the precursor for chlorophyll synthesis in developing leaves
[1].

As reviewed by Forde and Lea [2], glutamate synthase
(GOGAT) is the key enzyme involved in the de novo synthesis
of glutamate. It catalyzes the transfer of the amide group of
glutamine to 2-oxoglutarate, with the result of two molecules of
glutamate yielded.

Glutamate is a central molecule in amino acid metabolism in
higher plants. The a-amino group of glutamate is directly involved

form.

Both forms are located in plastids, but, while Fd-dependent
enzyme is usually present in high activities in the chloroplasts of
photosynthetic tissues, NADH-dependent enzyme is predominant-
ly located in non-photosynthesizing cells. The role of GOGAT
enzymes have been well discussed in rice and conifers [5,6].
Several studies showed that GOGAT mutations or gene knock-
outs, with a consequent reduced enzyme activity for both forms,
seems to be involved in changes in amino acid metabolism
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[7,8,9,10]. Only a few studies have reported plant gene isolation
and sequencing, probably due togene lengths and structural
complexity. For these reasons, the first reported studies on gene
sequences described the isolation and sequencing of a full-length
¢DNA clone for maize Fd-GOGAT [11] and a partial cDNA clone
for tobacco Fd-GOGAT [12]. The first plant complete genomic
sequences identified were two genes from Arabidopsis [13]. For the
Triticeae crops (wheat, barley, rye), no complete sequence has
been known although partial sequences were reported for barley
[14] and fragments for wheat [15].

Recently, NADH-GOGAT genomic sequences has been
reported for the A and B genomes of tetraploid durum wheat
(Triticum turgidum ssp. durum) and for the A, B, and D genomes
of hexaploid wheat (Triticum aestivum) [16]. Analysis of the gene
sequences indicates that all wheat NADH-GOGAT genes are
composed of 22 exons and 21 introns. A comparative analysis of
sequences among di- and mono-cotyledons plants shows both
regions of high conservation and of divergence. qRT-PCR
performed with the two durum wheat cvs Svevo and Ciccio
(characterized by an high and low protein content, respectively)
indicates different expression levels of the two NADH-GOGAT-3A
and NADH-GOGAT-3B genes.

The Fd-GOGAT protein is a monomeric enzyme of 140—
160 kDa and has been purified from barley leaves as a single
polypeptide chain containing iron-sulfur and flavin. [17]. Fd-
GOGAT activity has been mapped to the centromeric region of
chromosome 2A [18] where we have previously reported a QTL
for grain protein content (GPC) [19,20].

GPC partially determines the nutritional value and the baking
properties of common wheat (7. aestivum) as well as the pasta-
making technology characteristics of durum wheat (T turgidum
ssp. durum). GPC is a typical quantitative trait controlled by a
complex genetic system and influenced by environmental factors
and management practices (nitrogen and water availability,
temperature and light intensity). Breeding for high grain protein
concentration has been one of the main goals for wheat breeders
for several decades. Simultaneous increases of GPC and grain
yield has been difficult to achieve because of a negative correlation
between grain yield and GPC [21,22]. This occurs because grain
yield is mostly a consequence of starch accumulation, whereas
protein accounts for less than 10-15% of the grain dry weight, and
any increase in starch accumulation causes a dilution of the
protein content if it is not accompanied by an equivalent increase
in N accumulation. So far, any environmental factor that affects
grain yield also affects GPC.

Recent investigations [23,24,25,26,27,28,29,30,31,32,20] indi-
cated that factors influencing protein concentration in cultivated
and wild wheats are located on all chromosomes. Heritability
estimates for GPC ranged from 0.41 [33] to 0.70 [31], depending
on the genetic material, environment and the computational
methods. For this reason, the study of this important character
through traditional methods is difficult and time consuming.

In the present work, we determined the DNA sequence of the
three homoeologous Fd-GOGAT genes in hexaploid wheat,
analyzed the exon/intron structure, compared the wheat sequenc-
es to other plants, and studied tetraploid durum grain protein
content by QTL analysis and identification of candidate genes. In
particular, we focused our attention on 2A chromosome where the
Fd-GOGAT gene is located - identifying and characterizing the
genomic sequence in durum wheat and determining its correlation
with QTL for grain protein content (GPC).
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Results and Discussion

Determination of genomic Fd-glutamate synthase
(GOGAT) gene sequences

The complete sequences of A, B and D Fd-GOGAT genes of
hexaploid wheat were obtained by assembling 454 sequences of cv
Chinese Spring using a partial barley sequence (NCBI accession
S58774; Gene ID: 548298) as the initial query. The Chinese
Spring 454 assembly produced one contig comprised of the three
A, B and D-genome sequences. Three independent contigs were
then obtained by splitting the three sequences and assigned to A, B
and D genomes by amplifying genome specific primers [15] on a
set of nulli-tetrasomic lines (N'Ts) for chromosome group 2 of
Triticum aesttvum cv Chinese Spring [34,35]. Examples of the
analysis are shown for the A and B genomes in Figure S1 in File
S1. The three homoeologous sequences are given in Text S1 in
File SI.

Analysis of wheat gene sequences indicates that the wheat Fd-
GOGAT gene is comprised of 33 exons and 32 introns for all the
three homoeologous (Figure 1; Figure S2 in File S1). The sequence
for intron 1 and the part of exon 1 containing the 5-coding portion
of the exon could only be assigned for the D-genome gene
(Figure 1; Text S1 and S2 in File S1). The cause of missing these
sequences for the A- and B-genome genes is not known, but
among possible causes are randomness of the shotgun sequencing,
difficulty in next generation sequencing through the number of
homopolymers in this region, or that the sequence is so similar in
all three homoeologous that the software and manual assemblies
mis-assigned some sequence reads to the D-genome sequence. FFor
the A- and B-genome Fd-GOGAT genes, the 5’ extension ended
with the final 13 amino acids of the signal peptide (Figure S2 in
File S1). The 5’-UTR and the remainder of the coding sequence
for the A-genome was found in the Transcriptome Shotgun
Assembly (TRA) data at Genbank (Figure S3 in File S1).

The exon/intron borders for all three homoeologous wheat Fd-
GOGAT genes matched the canonical plant borders (GT...AG)
for all 32 identified introns (Figure 1). Consensus exon/introns
boundaries were determined using grass EST sequences aligned to
the genomic sequence and TRA assemblies. The structure of the
Fd-GOGAT genes is highly conserved among the three homoeo-
logues. In addition to the same number of exons/introns, no
differences were observed in exons size and all three encoded
mature enzymes have identical sequence lengths of 1519 amino
acids residues (Figure S4 in File S1, Text S2 in File SI).
Differences were observed in the intron sequences - in particular
differences in length of 1-50 bases in introns 3-5, 8, 14-16, 22-23,
25-26, 28-31; 50-100 bp in introns 6, 12, 13, 21; and more than
500 bases in introns 9, 11, and 19 (Figure S2 in File S1). The three
genes vary in length only by intron differences: the Fd-GOGAT-A
gene is the longest with 15,337 bp, the Fd-GOGAT-D is 15,176 bp
long and the gene located on chromosome 2B is the shortest
at14,750 bp (all determined from the beginning of the sequence
encoding the mature protein through the stop codon). The
sequences among the three homoeologues are highly conserved —
with only seven amino acid residue differences among the three
mature polypeptides (Figure S4 in File S1).

Comparison of Fd-GOGAT genes in other species
Conservation of the Fd-GOGAT sequences was further
examined by comparing the A-genome wheat Fd-GOGAT
mature amino acid sequence with a selection of monocot and
dicot sequences available in public databases (Figure 2). The
closest match was found with Brachypodium Fd-GOGAT (97%),
with rice at 94% and maize at 92%. As expected, the dicot
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Figure 1. Diagrammatic representation of the structure of Fd-GOGAT genes. The three homoeologous Fd-GOGAT genes of wheat cv
Chinese Spring are shown. Exons are numbered boxes. Coding sequences are colored, non-coding sequences are uncoloured boxes. Introns are

intervening lines. Intron 1 is indicated by the dotted line.
doi:10.1371/journal.pone.0103869.g001

sequences were more divergent, at 82% for Arabidopsis and 84%
for poplar. The monocots are all of the same length (1519 amino
acids), and the dicot examples are of identical length through the
first 1501 residues. The only length different, and the major
sequence differences between the monocots and dicots is with the
signal peptide (Figure S3 in File S1) and residues beyond 1501
(Figure 2).

As noted above, there are two versions of GOGAT in plants —
one requiring ferrodoxin and the other NADH. We have
previously described the wheat NADH-GOGAT genes [16].
Figure 3 compares the amino acids sequences of the three wheat
Fd-GOGAT homoeologous polypeptides with other monocots,
dicots, and two green algae — the later being the most primitive
organismal grouping yet found to contain both GOGAT versions.
As expected, the two higher plant groups form two distinct
branches for both GOGATs, with the green algae sequences
distantly related within each of those two branches — consistent
with the evolutionary distances. Less clarity is found when the
analysis includes sequences from additional diverse groups; e.g.,
bacteria, cyanobacteria, Archeae, fungi, arthropods (Figure S5 in
File S1).

Glutamate synthase gene mapping

In order to find polymorphisms in the Fd-GOGAT-A gene, the
“CELI technology” was used in the durum wheat cvs Svevo and
Ciccio - characterized by high and low grain protein content,
respectively.

Allelic variations, SSRs, Indels, and SNPs are the major types of
molecular markers that can be developed to detect DNA sequence.
In particular, SNPs are nucleotide variations in the DNA sequence
of individuals in a population and constitute the most abundant
molecular markers in the genome. SNPs are widely distributed
throughout genomes [36], vary in occurrence and distribution
among species, and are usually more prevalent in the noncoding
regions of the genome. There are several methods to discover
SNPs; e.g., Sanger sequencing, DGCE (denaturing gradient
capillary electrophoresis), denaturating HPLC and enzymatic
mismatch cleavage. One of the most efficient and reliable
enzymatic cleavage based method is TILLING (Targeting
Induced Local Lesion In Genomes) [37,38]. This approach
requires a treatment of the amplified DNA with CELI endonu-
clease, or any of a number of single strand endonucleases, after
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heteroduplex formation between the DNA of lines to be investigat-
ed. CELI is a glycoprotein from celery, and many green plants. It
cuts a DNA heteroduplex that contains a base-substitution or a
DNA loop at the 3" most phosphodiester bond of the mismatched
nucleotides and produces two complementary sized fragments from
the original amplified product (up to ~1,500 bp amplicons).
Electrophoresis size-separation on polyacrylamide or agarose gels
is required to visualize any cleaved fragment.

A set of primer pairs covering the entire Fd-GOGAT-A genomic
sequence in (Table 1) was analyzed in the two parental lines Svevo
and Ciccio in order to find SNPs. Out of 19 primer combinations
amplified and digested with CEL1, four of them, (combinations 2,
4, 5 and 19) showed a digestion pattern in the heteroduplex lane
but not in the single parental lines digestions, suggesting real
differences exists between the two cvs (Figure 4). Mutations were
confirmed by sequencing the fragments (see Materials and
Method). A partial sequence of Fd-GOGAT-A gene was obtained
for both cvs Ciccio and Svevo, which allowed finding a total of five
SNPs and two indels between the two cultivars. Of the five SNPs
detected, 2 were located in intronic regions (one each for intron 5
and intron 31) and 3 were located in exonic region (one for each
exon 6, exon 31, and exon 32). Both indels were located in introns,
a 2 bp indel in intron 29 and an 8 bp indel in intron 5.

With the objective to genetically map the wheat Fd-GOGAT-A
gene, a primer pair (Fd-GF, Fd-GR) was designed in one of the
genomic region polymorphic between the cvs Ciccio and Svevo
and analyzes in the RIL population. The linkage map “Svevox
Ciccio” developed by Gadaleta et al. [39] enriched of new DArT
markers, were used for the gene mapping. The Fd-G marker
produced, as expected, a single polymorphic fragment of 284 bp
present in Svevo and lacking in Ciccio. The fragment was also
physically mapped in the centromeric region of chromosome 2A
on the bin C-2AS5-0.78 (data not shown). The linkage group
identifying the 2A chromosome was of 129,9 cM including 31
markers (12 SSRs, 5 EST-SSRs, and 12DArT) and the GS2-A2
and Fd-GOGAT-A genes (Figure 4A).

Relationship between Fd-GOGAT-A and grain protein

content
We focused our attention on the Fd-GOGAT gene located on
chromosome 2A, where several authors found QTLs for GPC not
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1 20 40 60 80 . x3 10 120 130
CGVGFVANLSNEPSFNVVRDAL TALGCMEHRGGC GSONDSGOGAGLMSGI PADL FODMASKEGLAPF ERTHTGVGNVF L PONENSVAEAXVEXVF TDEGLEVLGNRPVPFNLSVWGPNAXETNPNILQ wheat
CGVGFVANLKNEPSFNIVRDAL TALGCMEHRGGCGADND SGOGAGLMSG PWOL FNDWASKQGL PPFERTNTGVGMVF L PONE ESME EACVAKVF TDEGLEVLGNRPVPFNLSVWGRFAKETNPNIQQ Srachy.
CGVGFVANLKNEPS FNIVRDALVALGCMEHRGGCGADNDSGOGSGLMSGI PADL FNDRANKQGLAPLORTNTGVGMVF L PQOENSVE EAXAVVAXVF TDEGLEVLGNRTVPFNVSVWGRYAKETMPNIQQ Rice
CGVGFVANLKNMS SFDTVRDALMAL GCMEHRGGC GADSOSGOGAGLMS AVPADL FOOWASKQGLAL FORRNTGVGMVF L PQOEKSME EAXATEXVFVDEGLEVLGNRPVPFNVSVWGRNAKETHPNIQQ Maize
CGVGF IANLONIPSHGVVKDAL TALGCMEMRGGCGADNDSGOGSGLMS ST PWDF FNVIKAKEQS LAPF DK LNTGVGMI FLAQDO' TENIFEKEGLQVLGNREVPYNVPIVGKNARETNANIQQ Arad.
CGVGF TANLENKESHE T VKDALNAL SCMEMRGGCGADNDSGDGSGLMTGYPWE LFONMANTQGIASFOKLNTGVGMVFLI TVNIFRQEGLEVLGNRPVPYNTSVWGFYAXETNPNIQQ Soybean

150 170 190 210 230 x4 250 260
IFVRIAKEDDADOTERELYICRKLIERATKSASWADELYFCSLSSRTIIYKGMLRSEVLGQFYLDLKNEL YKSPFAIYHRRFSTNTSPRWPLAQPMRLLGHNGE INTIQENUNWMRSREATIQSPVARGR Wheat
TFVIKVAKEDDADOT ERELYICRKLIERAAK SASWADEL YFCSLSSRTIIYKGMLRSEVLGQFYLDLQNELYKSPFATYHRRFSTNT SPRNPLAQPNRLLGHNGE INTI EATIQSPVWRGR Brachy.
TFVKVAXEDNADOT ERELYICRKLIERATK SASWADEL YFCSLSSRTIVYKGMLRSETLGQFYLDLQNEL YKSPFATIYHRRYSTNT SPRNPLAQPNRLLGHNGE INTIGENLNWMRSREATLQSPVARGR Rice
TFVKVAXEDNADDTERELYISRKLIERAAKSFSWADEL YFCSLSSRTIVYKGMLRSEVLGQFYLDLONEL YKSPFATYHRRFSTNTSPRNPLAQPMRLLGHNGE INTIGENUNWMRSRE TTLKSPVWRGR Maize
VFVKIAKEDSTOOIERELYICRKLIERAVATESWGTELYFCSLSNQTIVYKGMULRSEALGLFYLDLQNELYESPFATYHRRYSTNTS PRMPLAQPMRFLGHNGE INT I EASLKAAVINGR Arad.
VFVKIVKEENVOOTERELYICRKL IEKAVSSESWGNEL YFCSLSNQTTIVKGMLRSEVLGLFYSOLQNOLYKSPFATYHRRYSTNTSPRNPLAQPNRLLGHNGE INTIGUNUNWMQSREPSLKSPVIRGR Soybean

280 x5 300 320 x6 340 x7 360 x8 380 3%
ENELRPFGOPKASOSAN LLRSGRSPAEAMMMLYPEAYKNHPTLSVK DFYEYYKGQMEAWDGPALLL LORNGLRPARYWK ASEVGVIPMDE SKVWWKGRLG wheat
ENEIRPFGOPKASDSAN LLRSGRSPAEAMMMLVPEAYKNHPTLSI DFYDYYKGQMEAWDGPALLL LDRNGLRPARYWR ASEVGVIPMDESKVVMKGRLG Brachy.
EHE IRPFGOPKASOSANLDSTARL LLRSGRSPAEAMMI LVPEAYKNHPTLSIK! OFYDYYKGQMEAWDGPALLL LORNGLRPARYWR ASEVGVIPMDESKVVMKGRLG Rice
EHE ICPFGOPKASOSANLDSTARL LLRSGRSPAEALMI LVPEAYKNHPTLST GQMEAWDGPALLL TLORNGLRPARYWR ASEVGVIPMDE SKVWMKGRLG Maize
ENEIRPFGNPRGSOSAN MIRSGRTPEEALMILVPEAYKNHPTLSVK GQMEAWDGPALLL LORNGLRPARYWR ASEVGVWIVDEAXVINKGRLG Arad.
ENEIRPFGNPKGSOSAN LIRSGRSPEEAMMILVPEAYKNHPTLSI GQMEAWDGPALLL LDRNGLRPARYWR ASEVGVWPVDESKVVLKGRLG Soybean

X9 410 430 450 x10 470 4% 510 x11 520
PGMMITVDLET ENTEVKKNVASAKPYGTWLQESTRSIKPVNFQSSPVWONETIL GYSSEDVQMVI ETMASQGXEPTFCMGDOT PLAVL SQK PHVL FDYFKQRF: PAIOPLREGLWM wheat
PGUMMITVDLQTGQVLENTEVKKNVASAKPYGTWLQQS TRSIKPVNFQSSPVMONE GYSSEDVOMVI ETMASQGXEPTFOMGDOT PLAVL SQK PHVL FDYFKQRF PAIOPLREGLWM Brachy.
PGUMMITVDLQTGQVLENTEVKKSVASANPYGSHLQQSTRSIKPVNFQSSYAVDNETVL FOYSSEDVQMVIETMASQGXEPTFOMGDOI PLAVL SQKPHVL FOYFKQRF, PAIDPLREGLWM Rice
PGWNITVDLQT! ENTEVKKTVASASPYGTWLQECTRLIKPYNFLSSTIMONETVL FGYSSEDVOMVI ESMASQGKEPTFOMGDDT PLAVL SQRPHLLYDYFKQRFAQUTNPAIDPLREGLWM Maize
PGMNIAVDL! SSFNPYGKWIKENSRFLKPVNFKSSTVMENEETL FGYSSEDVQMVI ESMASQGKEPTFOMGDOT PLAGL SQRPHVLYDYFKQRFAQVTNPAIDPLREGLWM Arad.
PGWNITVDL ALSSPYGNWIKENLRTLKLGNFLSASVLDNEAVL FGYSSEDVOMVT ESMAAQGKEPTFCMGDOT PLAAL SQKPHVL FOYFKQRFAQVTNPAIDPLREGLVM Soybean

540  x12 560 580 600 13620 640 650
SLEVNIGKRGNILEVG! LSSPVLNEGELESLLKDPKLKPKVLSTYFNIRKGLOGSLENATKALCEEADAAVRSGSQLLVLSOR PTRPAVPILLAVGATHOHL IQNGLRMSASIVADTA wheat
SLEVNIGKRGNIL ALSSPVLNEGELDSLLKDTXLKPTVLSTYFSIRKGLOGSLOKAIKALCEEADAAVRSGSQLLVL PTRPAIPTLLAVGATHOHL IQNGLRMSASIVADTA Brachy.
SLEVNIGKRRNILEVG LSSPVLNEGELESLLNDSKLKPKVLSTYFOIRKGLDGSLOKAIKVLCDEADAAVRNGSQULVLSOR PTRPAIPILLAVGATHQHLIQNGLRMSASIVADTA Rice
SLEVNIGKRGNIL ALSSPVLNEGELETLLNDSKLKPKVLSTYFOIRKGLOGSLOKTIQALCEEADAAVRSGSQLLVLSOR! PTRPAIPILLAVGATHQHLIQNGLRMSASIVADTA Maize
SLEVNIGKRGNILEL LSNPVLNEGALEELMXDQYLKPKVLSTYFOIRKGVEGSLQKAL YYLCEAADDAVRSGSQULVL SDRSORYE PTRPS I PIMLAVGAVHQHL IQNGLRMSASIVADTA Arad.
SLEVNIGKRRNILEIG SSPVLNEGELESLLKDSYLKPQVLPTFFOITKGIEGSLEXALNKLCEAADEAVRNGSQLLILSOR! PTHPAIPILLAVGTVHOHL IQNGLRMSASTTADTA Soybean

70 x14 690 710 x1$ 730 x16 750 70 xa7 7%
QCFSTHQFACLI CPYLALETCRQWRL SNKTVNLMRNGKMPTVT TEQAQRNF TMAVKSGLLKILSKMGISLLSSYCGAQI FETYGLGQEVVDLAFCGSVSKIGGLTINELGRETLSFWVRAFSE wheat
QUFSTHQFACLI! CPYLALETCRQWRL SNCTVNLMRNGKMPTVT TEQAQRNF IRAVKSGLLKILSKMGISLLSGYCGAQIFEIYGLGQEVVDLAFCGSVSKIGOL GRETUSFWVKAFSE Brachy.
QCFSTHOFACLIGYGASRICPYLALETCRQWRL SNKTVNLMANGKMPTVT TEQAQRNF IMAVKSGLLKILSKMGISLLSGYCGAQI FETYGLGQEVVDLAFCGSVSKIGGL GRETLSFWVKAFSE Rice
QCFSTHHFACLIGY! WVCPYLALETCRQUWRL SNXTLNLMRNGKMPTVT TEQAQRNF IMAVKSGLLKILSKMGISLLSGYCGAQI FETYGLGQEVVDLAFCGSVSKIGOL GRETLSFWVKAFSE Maize

QCFSTHHFACL! WVCPYLALETCRQWRL SNCTVARMRNGKIPTVTIE WNAGLLKILSKMGISLLSSYCGAQIFEIYGLGQOVVOLAFTGSVSKISGLY! ETLSFWVKAFSE Arabd.
QCFSTHHFACLI WVCPYLALETCRQURL SNXTVNLMRNGKMPTVS T EQAQKNYCHAVKAGLLKILSKMGI SLLSYYCGAQIFEVYGLGKEVVDLAFRGSVSKIGGLT ARETLSFWVKAFSE Soybean
x18 820 840 x19 860 880 900 | x20 910
DTAXRLENFGFIQS! FHANNPEMSKLLHKAIREKSONAYTIYQQHLASRPYNVLROLVELKSERTPIPIGKVEPATS IVERFCTGGMSLGAT SRETHEATATAMNRIGGK TRWSPL wheat
DTAXRLENFGFIQS! FHANNPENSKLLMKAIREKSONAYTIYQQHLASRPVNVLRDLVELKSORAPTPIGKVEPATS IVERFCTGGMSLGAT SRETHEATATAMNR I GGK SNSGE IRNSPL Brachy.
DTAXRLENFGFIQS YHANNPENSKLLHKAVREKSONAYTVYQQHLASRPYNVLRDLLELKSORAPTPIGKVEPATS IVERFCTGGMSLGAT SRETHEATATAMNR IGGK SNSGE TRWSPL Rice
DTAKRLENFGFIQS! YHANNPEMSKLUHKATREKRONAYTVYQQHLASRPVAVLRDLLELKSORAPT PIGKVESATS IVERFCTGGMSLGAT SRETHEATATAMNR I GGK SNSGE! RNNPL Maize

DTTXRLENFGFIQF! YHSNNPEMSKLUHKAVREX SETAYAVYQQHL SARI ROLLEFXSORAPIPVGKVEPAVAIVOQRFCTGGMSLGAT SRETHEATATAMNR IGGK SNSGE TRNKPL Arad.
DTAXRLENFGFIQF! YHANNPEMSKLLHKAVRQK SQSAFSVYQQYLANR! ROLLEFKSORAPIPVGKVEPASS IVQRFCTGGMSLGAT SRETHEATATAMNR IGGK SNSGE RWKPL Soybean

930 x21 9% 970 990 1010 x22 1030 1040
TOVVOGYSATLPHLKGLONGDTATSAIKQUASGRFGVTPTFLVNAEQI EIKIAQGAKPGEGGQLPGKXVSAYTARLRNSKPGYPLISPPPHHDI YSIEDLAQLIFOLMQ ENPRAKVSVKLVAEAGIGTVA Wheat
EDVVDGYSPTLPHLKGLONGOTATSAIKQVASGRFGVTPTFLVNAEQI EIKIAQGAKPGEGGQLPGKKVSAYTARLRNSKPGVPLISPPPHHDT YSTEDLAQLIFOLHQENPKAKVSVKLVAEAGIGTVA Brachy.
ADVEDGYSPTLPHLKGLONGOTATSAIKQVASGRFGVTPTFLVNAEQI EIKIAQGAKPGEGGQLPGKKVSAYTARLRNSKPGVPLISPPPHHOI YSTEOLAQLI YOLHQENPKAKVSVKLVAEAGIGTVA Rice
TOVVDGYSPTLPHLKGLONGOTATSAIKQVASGRFGVTPTFLVNADQI EIKTAQGAKPGEGGQL PGKKVSAY TARLRNSKPGVPLISPPPHHDI YSIEDLAQLI YOLHGENPKAKVSVKLVSEAGIGTVA Maize
TOVVOGYSPTLPHLKGLONGDIATSAIKQVASGRFGVTPTFLVNADQUE IKVAQGAKPGEGGQLPGKKVSAYTARLRSSKPGVPLISPPPHHOT YSTEOLAQLI FOLHGENPNAKVSVKLVAEAGIGTVA Arad.
WLMK&WAYWKWMFMWMUW&MWWLWKIWIVSI(MIWVKLVMKGWA Soybean

3 1060 1080 x24 1100 1120 1140 x25 1160 1170
SGVSKANADVIQK SGHOGGTGASP T SSTKHAGGPWE LGL TE THO LIQNGLRERVVLRVDGGF RSGLOVLLAAAMGADE YGFGSVAMIATGCVMAR TCHTNNC VGV, ELRARFPGVPGOLVNYFL wheat
SGVSKANADVIQE SGHOGGTGASP T SSTKHAGGPWE LGLTE THQ LIQNGLRERVVLRVDGGF RSGLOVLLAAAMGADE YGFGSVAMIATGCVNAR I CHTNNCPVGV; ELRARFPGVPGOLWNYFL Brachy.
SGVSKGNADI IQ SGHOGGTGASP I SSIKHAGGPNE LGLSETHQ LIQNGLRERVVLRVDGGF RSGLOVL MAAAMGADE YGFGSVAMIATGCVWAR ICHTNNCPVGY. ELRARFPGVPGDLVNYFL Rice
SGVSKANADI IQ SGHOGGTGASPISS IXMAGGPNE LGLTETNGY LIQNGLRERVVLRVDGGF RSGQOVL IAAAMGADE YGFGSVAMIATGCVWAR ICHTNNC PVGY. ELRARFPGVPGDLVNYFL Maize
SGVAXGNADI IQI SGHDGGTGASPTSSTKMAGGPWE LGLTETHQI LIANGLRERVILRVDGGLK SGVDVIMAAAMGADE YGFGSLAMIATGOVMAR ICHTNNCPVGY ELRARFPGVPGOLVNYFL Arab.
SGVAXGNADT I SGHOGGTGASPTSSTKHAGGPWE LGLTESHQTLI ENGLRERVILRVDGGF RSGVOVMMAAIMGADE YGFGSVAMIATGOVMAR TCHTNNCPVGY. ELRARFPGVPGOLVNYFY Soybean

x26 1190 1210 x27 1230 1250 ' x28 1270 1290 1
FVAE TLAQUGYEKLDDI IGRTDLLXPKMISLVKTQHIDLAYL! PRNSSSQIRSQOVHSNGPVLDETI ENEKEVSKTYPIYNVDRAVCGRVAGATAKKYGOTGFAGQLN! wheat
FVAE TLAQUGYEXLDDITGRTDLLKPKHI SLVKTQHIOLGYL! PKNSSSQIRSQOVHSNGPVLDETI ENEKEVSKTFPTYNVDRAVCGRVAGATAXKYGOTGFAGQUNIWF 8rachy.
FVAE TLAQUGFEXLDDI IGRTDILKAXHVSLAKTQHIDLKYLL PENSSSQIRSQOVHSNGPVLDETT! SDATENEXEVSKTFQIYNVDRAVCGRVAGVIAKKYGOTGFAGQUNIYF Rice
FVAE! GYEXLOOI IGRTDLLKPKHI SLVKTQHIOLGYLL PENSSSQIRSQOVHTNGPVLDET ! ADATENEXEVSKAFQI YNVDRAVCGRVAGVIAXKYGOTGFAGQUNIF Maize
YVAE LAQUGYNSLOOI IGRTELLRPRDISLVKTQHLOLSYLL SSTEIRKQEVHTNGPVLODOI DATENEXVVEKTVKICONVORAACGRVAGVIAKKYGOTGFAGQUNLYF Arad.
YVAE LAQUGYEXLDOVIGRTDLFQPRDI SLAKTQHLOLSYIL. PKNSSTEIRNQEPHTNGPVLOOVL YATENEXVANKT IKIYNIORAACGRIAGVIAKKYGOTGFAGQUINIYF Soybean
x29 1320 x30 1340 1360 1380 1400 x31 1420 1430
TGSAGQSFGCFLTPGUNVRL! LVWVYPVDOTGFVPEDAATIVGNTCLYGATGGQVFVRGKTGERFAVRNS LGQAVVEGTGOHCCEYMTGGCVWVL AAGMTGGLAYMLDED wheat
TGSAGQSFGCFLTPGMNVRL LVWVPVDOTGFVPEEAATVGNTCLYGATGGQVFVRGKTGERFAVRNS LGQAVVEGTGOHCCE YMTGGOVWVL AAGMTGGLAYILDED Srachy.
TGSAGQSFGCFLTPGMNIRL LVWWPVEXTGFVPEDAATVGNTCLYGATGGQVFVRGKTGERFAVRNS LGQAVVEGTGOHCCE YMTGGCVWVLGKVGRNVAAGMTGGLAY ILDED Rice
NGSAGQSFGCFLTPGMNIRL LVWRVDKTGFVPEDATIVGNTCLYGATGGQVFVRGKAGERFAVRNS LCQAVVEGTGOHCCEYMTGGCVWVLY AAGMTGGLAYILOED Maize
LGSAGQSFGCFLIPGMNIRLI IVWTPVEXIGFVPEEATIVGNTCLYGATGGQI FARGKAGERFAVRNS LAEAVVE GTGOHC CEYMTGGOVWVL AAGMTGGLAYLLDED Arad.
TGSAGQSFACFLTPGMNIRL TAGGELVITPVDKTGFEPEDAATIVGNTCLYGATGGQVFVRGRAGERFAVRNS LAEAVVEGAGDHCCE YMTGGCVWVL AAGMTGGLAYFLDED Soybean

x32 1450 1470 x33 1490 1510 1519

DTLVPHVNKE IVKMORVNAPAGQMQUKGL T EAYMEX TGS TKGAK I LSEWEAYL PLFWQLVPPSEEDSPEACAEFERVLARQKTAVQSAX . wheat
DTLVPRVNKE IVKMQRVNAPAGQMQUKGLI EA' GSVKGAXILSEWEAYLPLPWQLVPPSEEDSPEACAEFERVLARQATAVQSAK . Brachy.

DTLVPHVNKE TVKMORVNAPAGOMQUKGL I EAYMEX TGS EXGATI LREWEAYLPLFWQLVPPSEEDSPEACAEFERVLAKQATTVOSAK . Rice

oTU ETVKMQRVNAPAGQMQUKGLIEA' SEXGIATLREWEAYLPLFWQLVPPSEEDSPEACAEFERVLAXQATTQLSAK . Maize
OTLLPRINREIVKIQRVTAPAGELQLKSLI SSKGATIUNEWEKYLPLFWQLVPPSEEOTPEASAAYVRTSTGEVTF-QSA.  Arab.
NTFI IVKIQRVSAPVGQMQLKSLI STRGAATLKOWEKYLSLFWQLVPPSEEOTPEANAKYDTTTADQVTY-QSA.  Soybean
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Figure 2. Plant Fd-GOGAT amino acid sequences. Four monocot and two dicot Fd-GOGAT amino acid sequences for the mature protein are
aligned with Clustal V: Wheat (A genome; present report), Brachypodium (BRADI1G19080), Rice (0s07946460), Maize (NM_001112223), Arabidopsis

(CP002688), Soybean. (AK245357).
doi:10.1371/journal.pone.0103869.g002

linked to pleiotropic effects of low productivity in different genetic
materials [18,20,40].

The RIL population CiccioXxSvevo was evaluated for grain
protein content (GPC) and grain yield components in five field
trials in southern Italy. The analysis of variance for GPC revealed
highly significant differences between the parental lines Ciccio and
Svevo and among the RIL in each of the field trials, suggesting
that the RIL population was suitable for studying the putative
involvement of the GOGAT genes in the control of grain protein
content.

QTL analysis reported in Blanco et al. [20] detected ten QTLs
for grain protein content on chromosome arms 1AS, 1AL, 2AS
(two loci), 2BL, 3BS, 4AL, 4BL, 5AL and 6BS. In order to assess
the putative relation between the Fd-GOGAT-A genes and GPC
we re-analyzed the RIL data with the Inclusive Composite Interval
Mapping method [41] in each of the five environments and across
environments using the “CiccioxSvevo” map data [39] enriched
with new DArT marker and including the segregation data of the
new Fd-GOGAT-A marker.

Among all the putative QTL for GPC in individual environ-
ments and across environments, only QTLs with LOD=3.0 values
were considered in the present work. This new QTL analysis

ferredoxin

revealed that the Fd-GOGAT-A gene mapped in the present work
co-localized with a major QTL for GPC. In particular the Fd-
GOGAT-A gene co-localised with a GPC-QTL detected on
chromosome arm 2AS, in the region comprised between the
markers Xgwm372¢ and the EST-SSR TC82001 (including the two
closer markers Xgwm339 and Xgwm95) significant in two
environment and across environments. (Table 2, Figures 4 and 5.
The Svevo allele increasing the trait had a positive additive effects
ranging from 0.13 to 0.27 with a mean value of 0.24. R value, and
the percentage of phenotypic variance explained by the additive
effects of the mapped QTL, ranged from 6% to 19.4% between
environments and the mean was 19.4 across environments.

Conclusions

The current report describes the characterization of the bread
wheat genomic sequence of Fd-GOGAT genes and their associ-
ation with grain protein content (GPC). These gene sequences
were useful to study the grain protein content in durum wheat, a
quantitative trait controlled by multiple genes and influenced by
environmental conditions.

Brachypodium XM_003559810
Rice AB024716
Maize NM_001112223
Arabidopsis NM_180432
Soybean AK245357
Castor XM_002526868
Poplar XM_002308848

Chlamydomonas XM_001702949

Micromonas XM_003063587

Chlamydomonas XM_001693030

NADH

0.1

Micromonas XM_002501809
Soybean XM_003553791
Arabidopsis XM_002864198
Castor XM_002513508

Poplar XM_002334695

— Rice AB274818
— Maize NADH

Brachypodium XM_003566949
Wheat - B
Wheat - A
Wheat - D

Figure 3. Phylogenetic tree of GOGAT polypeptides. The mature polypeptides for Fd- and NADH-GOGAT from a selection of plants an green
algae were aligned with Clustal W and a nearest-neighbour tree generated with MEGAS5. All three wheat homoeologues for Fd-GOGAT are in blue and

red for the NADH-GOGAT version.
doi:10.1371/journal.pone.0103869.9g003
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Table 1. Fd-GOGAT-AT1 specific primer name, sequence and PCR condition used for SNPs detection.

Primer name Forward sequence (5'-3) Reverse sequence (5'-3') :::ditions
FAGOGAT/A_1 CGCCGTCGCTGTTGCCGC TGCTGGCCCAATCATTAAACAAGT 69°C,
FAGOGAT/A_2 GCTTGTGGTGTTGGGTTTGTC CTCTCTATCAGCTTTCGGCAG 60°C,
FAGOGAT/A_3 CGGTTCCTTTCAATCTATCAGT AATCGGATGCTTTAGGGTCAC 58°C,
FAGOGAT/A_4_F GGAAGCCACAATACAATCTC CTAAACAAAAGTAAAGCAGG 54°C
DN_FdGOGAT/A_5 TCTATGAATACTACAAAGGT CAACATAAACAAAACCATCT 54°C,
DN_FdGOGAT/A_6 TGACGGAAGGACGGTAGGGG GAGGATTGGAAGTTGACAGGCT 63°C
DN_FdGOGAT/A_7 AAACCCTATGGAACTTGGCT AAATCGCTGCTTGAAATAAT 65°C
DN_FdGOGAT/A_8 TCACAAGGGAAGGAGCCAACAT TCAGAACGATCGGAAAGCAC 62°C
DN_FdGOGAT/A_9 TACCCTATCAAGTCCTGTCCTG CAAACTGATGGGTGCTGAAA 58°C
DN_FdGOGAT/A_10 CACGGCCTGCTGTCCCAATAC TGGTCACTGTGGGCATCTTG 68°C
DN_FdGOGAT/A_11 CATATCTGGCATTGGAAACAT AGTTTTCCAGCCTCTTTGCG 65°C
DN_FdGOGAT/A_12 CTGGGTCGAGAAACACTATCA TTGTTGGTAGATGGTGTATGC 58°C
DN_FdGOGAT/A_13 GTCAAAGCTGCTGCACAAAG TTAATGGCACTTGTGGCGGT 60°C
DN_FAGOGAT/A_14 CAGATGTTGTTGATGGGTATT CCCTTGTGCAATCTTTATCTCA 58°C
DN_FdGOGAT/A_15 TGCATCTGGACGTTTTGGTG GCATTTGCCTTAGATACTCCAG 60°C
DN_FdGOGAT/A_16 GGTGTCGGTAAAGCTTGTAG TGTGTTTCCGTAAGACCAAG 58°C
DN_FdGOGAT/A_17 CTCAATCAAGCATGCTGGGGG CAAGATCAATGTGCTGCGTTT 62°C
DN_FAGOGAT/A_18 TACGAGCCACATTAGCCCAGT CACATAATCGTTGGCCTCTC 60°C
DN_FdGOGAT/A_19 GGCAGTCCTTTGGTTGTTTTCT TCTTCTTCGCTGGGTGGCA 62°C

elongation at 72°C, and ends with a final elongation of 20 min at 72°C.
doi:10.1371/journal.pone.0103869.t001

The involvement of Fd-GOGAT-A gene in the control of GPC
was carried out with three actions: isolation of homoeologous allele
located on 2A chromosome in two elite durum wheat cultivars
with different GPC, gene mapping in a segregant population, and
association between the gene and GPC evaluated in five
environments. In the present work, we were able to assemble
the three complete homoeologous genes from the three hexaploid
wheat genomes using as initial query a partial barley sequence to
extract and assembly 454 reads from public databases. The three
homoeologous genes have the same intron/exon structure with
several differences in both intron and exon. We then used a set of
aneuploid lines that led us to attribute PCR fragments to the A
and B genomes.

In order to quickly screen the gene sequence looking for SNPs
between our durum cultivars, we followed a “PCR/CELI
strategy” similar to a TILLING approach. In this approach,
CELI cleaves at the site of heteroduplex indicating mismatches in
the sequences. This allowed us to identify only SNPs between our
two cultivars avoiding the sequencing of the complete genes. A
total of five SNPs and two indels were found of which an insertion
of 8 bp in cv Svevo was used to construct specific markers and
map the gene in a segregant population (Svevo X Ciccio). Mapping
data of the polymorphic fragment allowed us to identify the locus
named Fd-GOGAT-A, in the centromeric region of chromosome
2A. QTL analysis performed with CIM (Composite Interval
Mapping) confirmed the presence of the marker in a major QTL
for grain protein content. Several studies localized QTLs for GPC
on chromosomes of group 2 [18,42,43,44]. The QTL analysis
carried out in the RIL population CiccioxSvevo, previously
evaluated for grain protein content in five environments, showed
that Fd-GOGAT-A co-localized with QTLs for GPC on chromo-
some arms 2AS — the CIM analysis identified a major QTL with a

PLOS ONE | www.plosone.org

Each PCR starts with 5 min at 94°C, followed by 35 cycles of 1 min denaturation at 94°C, 1 min annealing at the specific annealing T° reported above, and 2 min

stable effect in two environments and across environments. The
genomic differences existing between the two cvs might modify the
final predicted protein functionality or might have a key role in the
gene regulation and gene expression, determining a different
GPC. Further investigation are needed to prove this involvement
through genetic transformation and/or sexual complementation.

The influence of the group 2 chromosomes on GPC control was
reported in different genetic material have previously indicated the
key role of these chromosomes play in the control of GPC. QTLs
for GPC on 2A and 2B were firstly reported by Joppa and Cantrell
[45] using durum wheat ssp. dicoccoides chromosome substitution
lines. Prasad et al. [23] reported a protein content QTL on a distal
region of the chromosome arm 2AS, while Blanco et al. [40]
identified a GPC-QTL on 2AS near the centromere. More
recently was found a stable QTL on 2A (QGPC.usw-A2)
expressed in three environments and a QTL on 2B (QGpc.usw-
B3) significant in four of the six environments analyzed [31].

The coding sequences of the homoeologous wheat Fd-GOGAT
genes showed higher conservation among the three than the
NADH-GOGAT homoeologues previously described [16], with
only seven amino acid differences among the three Fd-GOGAT
homoeologues. The conservation extended in comparisons to
other plant Fd-GOGAT amino acid sequences, with only the C-
terminal region having major sequence divergence in monocots vs
dicots. The two forms of GOGAT are clear when the analysis
compares among plants and green algae (Figure 3).

The precise role and location of the two forms of GOGAT are
not completely understood, but the NADH form seems involved in
development and re-assimilation of ammonia with either the
cytosol or amyloplasts [46], while the ferredoxin form in a key
component in photosynthesis and nitrogen fixation within the
chloroplasts [47]. Both plastid forms are believed to have
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Fd-GOGAT Genes and Relationship with Grain Protein Content in Wheat

TRz
: wmc
18 N Barrosor
0.3 —_ Xwmc382a
2A 18 AR wPt-0100
1.0 /*\ngmSa
wPt- 4533 15 AN\ yumoses
33 N\ v Xwmed26c 2¢ 71N\ Xawmz10
23 \_/D 304730 11 7/ wPt-5738
19 N/ poii7air 74 <=\ \ wPt-2106
13 =F~ 3060 17 N\ BJ227727
16 —— D_348404 2.0 _/—\ CA695634
23 =\ D~344011 37 \ D_520964
0.8 /*\ Xwmc382b 150 —] Xwmcb597¢
N\ e
3.0 /:\ Xgwm636 32 — wPt-3561
3 1 N\ Xwmes30 D_345364
; wPt- 9624
16.7 — D_378243 TC82742
57— wPt-7026 109
' CA658758 6 | Xgwm132¢
' TC71236
14.3 — 6.8 —] «
_ I xwmeas3 43 — gwms5
3.2 D 373505 Xbarc18
| — 6.6
15 —}{— D 346386 os __|—|— CAT724675
o7 | D_344422 o | [ CcAs94434p
TC82001 g ——1== AWmetil
10.2 Fd- GOGAT - A1 g-g ] wPt - 8569
X ‘9 _——F—f— Xwmc175
MEER 28 —}— TC72953
8.5 18 — - wPt-9350
W 38 1\ B-30887
' Xgwm372C ® 12 T I\[Gs2-B2]
34— g 393 T4\ BJ253875D
o Xcfa2164 T 38 I\ CAB81959 @
—— Xgwm895 (9] 4 — [N Xwmce332
59 — : 54 — | ~D 520006 &
45 —| | Xawm3d4 Q2 [ Tcsooreb QO
19 —|—}— Xgwm328 l:| 85 — o
25 —{ - 852-A2 D_373432
~ o 18.1 == caseosas |
19 ~J 1~ Buossess
EEas
06 —f f~_ WPt-
27 — A=k D_380269
74 7N\ wht-3378
D_305231

Figure 4. Genetic map position of Fd-GOGAT. The map positions and QTLs for grain protein content are shown in the side panels. Fd-GOGAT-A
and GS2-B2 loci, associated with GPC QTLs, respectively on chromosomes 2A and 2B, are highlighted in yellow. Black dots represent centromere. The
genetic maps of wheat chromosomes 2A and 2B are from the Svevo xCiccio RIL mapping population.

doi:10.1371/journal.pone.0103869.9004

Table 2. Additive gene effects of the detected QTL for grain protein content in the 2AS region (flanked by the markers TC82001
and Xgwm372¢ and including FAGOGAT-AT) in the Svevo xCiccio RIL population grown at five environments.

Environment Effect® LOD R?
Valenzano 2006 0,13 1,6 6,4
Foggia 2006 0,27 4,7 17,4
Gaudiano 2006 0,27 3,5 13,3
Valenzano2007 0,18 28 10,7
Foggia 2007 0,20 1,5 6,0
Across environments 0,24 53 19,4

“Effect: positive additive effects are associated with an increased effect from Svevo allele.
R?: Percentage of phenotypic variance explained by the additive effects of the mapped QTL.
doi:10.1371/journal.pone.0103869.t002
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Figure 5. Grain protein QTLs. LOD score scan on chromosome 2A for QTLs associated with grain protein content. The significant scan for QTLs for
each environment: A) mean across environments; B) Foggia 2006; C) Gaudiano 2006. The position and the name of molecular markers are shown on
the chromosome along the horizontal axis. The LOD score scan was obtained by ICIM with highlights the markers used as cofactors. LOD stands for
logarithm of the odds (to the base 10). A LOD score of three or more is generally considered significant - a LOD score of three means the odds are a

thousand to one in favour of genetic linkage.
doi:10.1371/journal.pone.0103869.9005

originated from endosymbiotic cyanobacteria [48]. The phyloge-
netic tree of Figure S5 in File S1 iitially suggests cyanobacteria
(Cyanobacterium, Cyanothece, Leptolyngbya) may possess both
forms, but closer examination of the sequences finds different
accessions of each of those three species contains only a single gene
which can cluster with either the Fd or NADH GOGAT forms
(not shown). When combined with the anomalies in annotations
and the complex branching in Figure S5 in File S1, a more
detailed analysis of GOGAT genes in all phyla is needed to better
understand GOGAT gene evolution.

The comparison of a set of plant Fd-GOGAT genes (wheat,
Brachypodium, rice and maize) suggests regions of greater
sequence and structure conservation likely related to critical
enzymatic functions and metabolic control. The higher identity
was observed between wheat and Brachypodium sequences, as
expected due to the genetic closest between the two species.

Although the two forms of GOGAT, Fd and NADH, catalyze
the same reaction, the gene structures and their roles in plant
metabolism are not identical. The two forms have detectable
conservation in amino acid sequence up to the point where the
NADH-GOGAT form encodes a pyridine nucleotide-disulfide
oxidoreductase domain at the C-terminus (arrowhead in Figure 2;
dot blot in Figure S6 in File S1) — indicating additional metabolic
aspect of the NADH-GOGAT gene.

In higher plants, ammonium, whether resulting from nitrate
assimilation or from secondary sources, is first incorporated into
glutamine in a reaction catalysed by glutamine synthetase, and
then glutamate synthase (glutamine:oxoglutarate amidotransfer-
ase; GOGAT) catalyses the combination of glutamine with
2:oxoglutarate to form two molecules of glutamate, one of which
serves as substrate for GS, while the other one is available for
transport, storage or further metabolism. These two reactions form
a cycle referred to as the GS/GOGAT pathway [49]. Tissues and
subcellular localization of both GS and GOGAT genes, as well as
their different expression level during plant growth, resulting in
different enzymatic activity along all phenological stages, deter-
mine a specific synergy between the two genes [47]. In particular
cytosolic GS1 is involved in the pathway with NADH-GOGAT,
while plastidic GS2 works preferentially with Fd-GOGAT. This
seems to be confirmed in our genetic material, where both genes
Fd-GOGAT-A and GS2 were associated with QTLs for GPC. In
fact, a GS2 gene on chromosome 2B (GS2-B2) was mapped and
found to be involved in GPC control (Figure 4b) [19]. So, from
these studies, it’s suggested that Fd-GOGAT-A gene works in
synergy with GS§2-B2 gene. This hypothesis could be confirmed by
further analysis such as gene expression analysis.

The present work determined the DNA sequences of the three
Fd-GOGAT genes in hexaploid wheat and identified an allele for
the increment of GPC in durum wheat and open the way to further
investigation using the forward and reverse genetic approaches that
have been successfully used to validate the role of Fd-GOGAT-A
genes for grain production both in rice and maize [43].

Materials and Methods

Plant material
Two durum wheat cultivars (Ciccio and Svevo) were used to
investigate the relation of Fd-GOGAT genomic sequences to GPC.

PLOS ONE | www.plosone.org

The durum cultivars are parents of a mapping population
represented by a set of 120 recombinant inbred lines (RILs)
[39]. The two parents were chosen for differences in important
qualitative and quantitative traits; i.e., grain yield components,
grain protein content, yellow pigment, and adaptive traits.

Genomic DNA was isolated from fresh leaves using the method
described by Sharp et al. [50] and subsequently purified by
phenol-chloroform extraction. DNA amplifications were carried
out as described by Gadaleta et al. [39].

Nulli-tetrasomic lines (NTs) of Triticum aestivum cv Chinese
Spring [34,35] were used to physically localize Fd-GOGAT
markers to chromosomes. Chinese Spring di-telosomic lines [51]
were used for the assignment of markers to each chromosomal
arm. Physical location on chromosome bins of each PCR fragment
was obtained using a set of wheat deletions lines dividing the A and
B genome chromosomes in bins (kindly provided by B. S. Gill,
USDA-ARS, Kansas State University) [52].

Genes in cv Chinese spring

To isolate the complete sequences of Fd-GOGAT genes in bread
wheat, we used the cDNA sequence of a partial barley Id-
GOGAT mRNA (Gene S58774) [14]. This sequence was used as
the initial query probe to extract matching 454 genomic sequences
of cv Chinese Spring publicly available (http://www.cerealsdb.uk.
net/CerealsDB/Documents/DOC_search_reads.php), which
were then assembled using the SeqMan module of the Lasergene
software (DNAStar, Inc.).

Fd-GOGAT sequences in the Italian durum wheat cvs
Ciccio and Svevo

By using Oligo Explorer and Primer3 (http://frodo.wi.mit.edu/
primer3/) software, a set of genome specific primer pairs were
designed for the distinct Fd-GOGAT hexaploid sequences
previously obtained: Chinese Spring 2A and 2B Fd-GOGAT. A-
genome specific primer pairs were used to amplify target DNA
from both Ciccio and Svevo parental lines using PCR condition
reported in Table 1.

Single PCR fragments were directly purified with EuroGold
Clycle Pure Kit and sequenced. Multiple PCR products were first
cloned into the pCR4-TOPO vector (Invitrogen, Cloning Kit)
following the manufacturer’s instructions, and then each fragment
was sequenced (http://www.bmr-genomics.it/).

Sequences assembly were carried out using CodonCode Aligner
and Geneious software. Gaps and uncertain sequence were
resolved by primer walking. Regions of less coverage or ambiguous
reads were rechecked with primers designed to cover those
regions.

Digestion with CEL1 and revelation fragments

In order to discover and map unknown mutations between the
genomic sequences of the two varieties Ciccio and Svevo, Single
Nucleotide Polymorphisms (SNPs) were detected using the
Surveyor nuclease kit (Transgenomic, Inc.), following manufac-
ture’s instruction. This approach requires a treatment of the
amplified DNA with CELI endonuclease, or any of a number of
single strand endonucleases, after heteroduplex formation between
the lines to be investigated. Surveyor nuclease cleaves with high
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specificity at the 3’ side of any mismatch site in both DNA strands,
including all base substitutions and insertion/deletions up to at
least 12 nucleotides.

Heteroduplex formation, CEL | digestion and gel analysis

An aliquot of each PCR product was used for hybridization to
form heteroduplexes between the parental lines, following thermal
cycler program: 95°C for 2 min; loop 1 for 8 cycles (94°C for 20 s,
73°C for 30 s, reduce temperature 1°C per cycle, ramp to 72°C at
0.5°C/s, 72°C for 1 min); loop 2 for 45 cycles (94°C for 20 s, 65°C
for 30 s, ramp to 72°C at 0.5°C/s, 72°C for 1 min); 72°C for
5 min; 99°C for 10 min; loop 3 for 70 cycles (70°C for 20 s,
reduce temperature 0.3°C per cycle); hold at 8°C. After annealing,
DNA has been treated with Surveyor nuclease to cleave
heteroduplexes by adding 0.2 ul of enzyme and 1.3 ul of Buffer
1X. The digestion step was done at 5°C for 90 minutes and
stopped immediately by adding 5 pl of 0.225 EDTA and 2 pl of
bromophenol blue loading dye per sample and mixing thoroughly.

PCR fragments of over 1000 bp were analyzed on 3%
polyacrylamide gels. The 3% polyacrylamide gel was made with:
15 ml 5xTBE, 120 1 dH20, 11 ml 40% bis-acrylamide, 110 pl
TEMED and 1 ml 10% APS. We used 100-lane vertical
electrophoresis system (CBS Scientific, Del Mar, CA, USA). The
images were analyzed manually on PowerPoint (Microsoft Corp.,
Seattle, WA, USA).

In order to confirm the polymorphisms within genome specific
genes, the heteroduplex hybridization digestion pattern was
compared to the ones obtained in each parental lines. Moreover,
the PCR product giving a digestion pattern after CELI treatment
were re-amplified and sequenced (http://www.bmr-genomics.it/).

Development of Fd-GOGAT specific markers, mapping
and correlation with grain protein content

The Fd-GOGAT sequences of the two cvs Svevo and Ciccio
were aligned using ClustalW from EBI website to identify
polymorphisms. The marker Fd-G (Forward 5'-GCAAAACAAC-
CAGGGCACATA-3', Reverse 5-TAGCTCCCTTCCCCAA-
TACAT-3') for Fd-GOGAT-A, was designed with Oligo Explorer
software in the polymorphic regions. The polymorphic marker was
mapped in the “SvevoxCiccio” mapping population. The
observed segregation ratio for the marker was tested by chi-
square analysis for deviation from the expected 1:1 ratio. The
linkage analysis was performed by JoinMap v. 4.0 [53] and the
Kosambi mapping function was used to calculate map distances
[54].

Grain protein content (GPC) and yield components were
evaluated in the RIL population “Svevo xCiccio” in five different
environments (Valenzano 2006, Gaudiano 2006, Foggia 2006,
Valenzano 2007, Foggia 2007). QTL analysis was performed
following the procedure indicated by Blanco et al. [20].

DNA sequence analysis

DNA sequences were analyzed using the Seqman and Megalign
modules of the Lasergene software (DNAstar, Inc.), and MEGA)S
[55].
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