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Abstract The wheat GPC-BI gene located on chromo-
some 6B is an early regulator of senescence and affects
remobilization of protein and minerals to the grain. GPC-BI
is a NAC transcription factor and has a paralogous copy on
chromosome 2B in wheat, GPC-B2. The closest rice
homolog to both wheat GPC genes is Os07g37920 which is
located on rice chromosome 7 and is colinear with GPC-B2.
Since rice is a diploid species with a sequenced genome, we
initiated the study of Os07g37920 to develop a simpler
model to study senescence and mineral remobilization in
cereals. We developed eleven independent RNA interfer-
ence transgenic rice lines (0s07g37920-RNAi) and 10 over-
expressing transgenic lines (Os07g37920-OF), but none of
them showed differences in senescence. Transgenic
0s07g37920-RNAi rice plants had reduced proportions of
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viable pollen grains and were male-sterile, but were able to
produce seeds by cross pollination. Analysis of the flower
morphology of the transgenic rice plants showed that anthers
failed to dehisce. Transgenic Os07g37920-OF lines showed
no sterility or anther dehiscence problems. Os07g37920
transcript levels were higher in stamens compared to leaves
and significantly reduced in the transgenic Os07g37920-
RNAi plants. Wheat GPC genes showed the opposite tran-
scription profile (higher transcript levels in leaves than in
flowers) and plants carrying knock-out mutations of all
GPC-1 and GPC-2 genes exhibited delayed senescence but
normal anther dehiscence and fertility. These results indi-
cate a functional divergence of the homologous wheat and
rice NAC genes and suggest the need for separate studies of
the function and targets of these transcription factors in
wheat and rice.

Keywords Male sterility - Senescence - NAC
transcription factor - Wheat - Rice

Introduction

Senescence is a complex and tightly regulated degeneration
process controlled by multiple environmental and devel-
opmental signals (Breeze et al. 2011). In monocarpic plants,
such as wheat, senescence acts at the whole-plant level.
During senescence, genetically-programmed and devel-
opmentally-controlled catabolic activities convert cellular
material into exportable nutrients that are remobilized from
the leaves to the grain (Hortensteiner and Feller 2002;
Matile et al. 1996). Thus, senescence has a large impact on
grain nutrient and mineral concentration, which, in turn,
significantly affects plant survival, fitness and the nutri-
tional value of these grain crops (Yoshida 2003). In spite of
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its importance, the underlying mechanisms controlling the
initiation and progression of terminal senescence remain
unclear, largely due to their complex nature and the limited
number of studies focused on this developmental stage.

We have recently shown the existence of a close con-
nection between senescence and nutrient remobilization
through the map-based cloning of the GPC-Bl (Grain
Protein Content 1 or TtNAM-BI) gene from wild emmer
wheat (Triticum turgidum ssp. dicoccoides). The 6B chro-
mosome segment including the GPC-BI gene was initially
introgressed into durum and common wheat as a source of
genetic variation for grain protein content (Joppa and
Cantrell 1990) and was later shown to accelerate senescence
(Uauy et al. 2006a) and to increase the grain protein (N), zinc
and iron concentrations (Distelfeld et al. 2007). Positional
cloning of this gene showed that GPC-BI is a NAC tran-
scription factor related to the Arabidopsis NO APICAL
MERISTEM (NAM) gene. A paralogous gene, designated
GPC-2, is present on chromosomes 2B (GPC-B2) and 2D
(GPC-D2) of hexaploid wheat and shows a similar tran-
scription profile to GPC-BI (Uauy et al. 2006b). Low levels
of transcripts from all GPC genes are first detected in flag
leaves 7 days prior to anthesis (Zadok 45-49) and increase
progressively towards maturity, a transcription profile which
is consistent with a role in senescence. Reduction of the
transcript levels of the multiple GPC homologues by RNA
interference (RNAi) delayed senescence by several weeks
and reduced nitrogen, zinc, and iron content in the grain by
over 30% (Uauy et al. 2006b).

The NAC domain genes are plant-specific transcrip-
tional regulators known to be involved in several processes
including developmental programs, defense and abiotic
stress responses and senescence (Olsen et al. 2005).
Computational analyses identified 151 and 117 non-
redundant NAC genes in rice and Arabidopsis, respectively
(Nuruzzaman et al. 2010). In these two species, the NAC
genes were classified according to putative function into
two groups and several subgroups (Nuruzzaman et al.
2010; Ooka et al. 2003). NAC proteins have a character-
istic NAC domain (NAM; ATAF1,2; CUC2) that is divided
into five sub-domains in the N-terminal region. This
domain has been shown to mediate DNA binding as well as
protein—protein interactions (Ernst et al. 2004).

The senescence-associated expression pattern of dozens
of NAC family members (Buchanan-Wollaston et al. 2005;
Breeze et al. 2011; Guo et al. 2004; Cantu et al. 2011)
suggests that they play a prominent role in senescence.
Several members of the NAC family from Arabidopsis and
rice such as OREI/ANACO092/AtNAC2, ORS1, AtNAP and
OsNACS5 have been functionally characterized and shown to
be involved in the regulation of leaf senescence (Balazadeh
et al. 2008; Sperotto et al. 2009; Guo and Gan 2006; Kim
et al. 2009; Balazadeh et al. 2011). Interestingly, the rice
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OsNAP gene was able to restore the Arabidopsis atnap null
mutant when engineered under the regulation of the AtNAP
promoter suggesting these genes share a similar regulatory
role in plant leaf senescence (Guo and Gan 2006).

The long-term goal of this project is to provide a better
understanding of the genes and transcriptional networks
controlling senescence and nutrient remobilization in
grasses. In the current research we identified the ortholo-
gous gene to the wheat GPC genes in rice, functionally
characterized it and evaluated its relevance for studying
senescence and mineral remobilization processes in cereals.

Materials and methods
Phylogenetic analysis

Based on previous comprehensive phylogenetic analyses of
the NAC family, we selected sequences from rice proteins
belonging to the SNAC subgroup (Nuruzzaman et al. 2010)
and from Arabidopsis proteins belonging to the TAPNAC
subgroup (Alvarado 2011). We excluded sequences with
incomplete NAC domains (0Os05g34830), very divergent
NAC domains (0s02g12310 and Os05g34310), and almost
identical sequences (Os12g03040 was eliminated and the
closely related Os11g03300 was retained). Only amino acids
within the five NAC domains were used in the phylogenetic
analysis (as reported in Uauy et al. 2006b), because other
regions of these proteins cannot be precisely aligned among
all proteins. The NAC domain sequences were aligned using
ClustalW (Thompson et al. 1994). Phylogenetic trees were
constructed using four different methods to test the robust-
ness of the group including the GPC proteins: Neighbor-
Joining, Minimum Evolution, Maximum Parsimony, and
Unweighted Pair Groups Using Arithmetic Averages (UP-
GMA) as described in MEGA software version 4 (Tamura
et al. 2007). The stability of the different nodes was tested
using bootstrap analysis with 1,000 replicates as imple-
mented in the same version of MEGA.

Generation of RNA interference and over-expression
lines for Os07g37920

RNA interference (RNAi) lines

We used a 293-bp segment from Os07g37920 (GenBank
0s507g0566500) including the region between 1,239-bp and
1,531-bp from the start codon. We excluded the five
conserved domains characteristic of the NAC family of
transcription factors from our RNAI trigger to avoid down-
regulation of other NAC genes. BLASTN of this 293-bp
stretch confirms that there are no stretches of 21-bp identical
to other genes in rice and therefore, the trigger sequence is
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specific to the Os07g37920 gene. This segment was cloned
in forward and reverse orientations into the vector pANDA
provided by Daisuke Miki and Ko Shimamoto as described
previously (Miki et al. 2005).

Over-expression (OE) lines

The complete coding sequence from cDNA of Os07g37920
was amplified by PCR using adapter primers to incorporate
Gateway compatible recombination attB1 and attB2 sites on
the 5" and 3’ ends of the amplified product, respectively. This
fragment was subsequently cloned into pDONR207 (Invit-
rogen) using the BP recombination reaction (GATEWAY™,
Invitrogen) and sequenced. An LR reaction (GATEWAY™,
Invitrogen) between Os07g37920-pDONR207 and the
NTAPi vector (Rohila et al. 2004) resulted in a plasmid con-
sisting of the Os07g37920 gene fused to a tandem affinity
purification (TAP) tag under the control of a constitutive
promoter (2-kb maize ubiquitin promoter and intron 1).
Transgenic plants (Oryza sativa spp. Japonica cv. Kitaake)
were produced at the Ralph M. Parsons Foundation Plant
Transformation Facility, University of California at Davis
using Agrobacterium.

Wheat mutant screen
GPC-Al

Specific primers (TAGCTTGCTAGGGGGAACGAAGAA
GATCC and CGTCCAACTGATGAGACGACGTACAG
AA, the underlined G is an intentional mismatch intro-
duced to achieve homoeologue-specific amplification) were
designed to amplify the first 953-bp of the GPC-AI gene.
This primer pair was used to amplify DNA pools from
Ethyl methanesulfonate (EMS) treated population of tet-
raploid wheat (cv. Kronos) and the detection of mutants
was performed as described before (Slade et al. 2005).

GPC-B2

Specific primers (ACAGTCCACAGGGGTGCT and TGGT
GATGGAGCAGTGAATC) were designed to amplify the
first 1,038-bp of the GPC-B2 gene. This primer pair was used
to amplify DNA pools from EMS treated population of tet-
raploid wheat (cv. Kronos) and the detection of mutants was
performed as described before (Uauy et al. 2009).

Genetic markers, genetic map and physical maps
Genetic markers

We developed a derived cleaved amplified polymorphic
(dCAP) marker for the GPC-B2 gene using primers

CATGCACGCAACAAATGATA and GCCACATATAT
CCATGCAATGT, where T is the degenerate nucleotide
used to generate a Tagl restriction site. These primers
amplified a 149-bp product from the 3'UTR of GPC-B2 in
tetraploid wheat. Digestion of the amplified product with
the restriction enzyme Tagl yielded two fragments of 20
and 129-bp in durum wheat (cv. Langdon) and an undi-
gested fragment in wild emmer wheat, Triticum turgidum
ssp. dicoccoides, (acc# G18-16).

We also developed a CAP marker for a Single Nucle-
otide Polymorphism (SNP) detected in the expressed
sequence tag (EST) BF291736 to establish an additional
reference point in the comparative map between wheat and
rice. Primers GCAATGGGGAATGTAAGAATCT and
CAGATGACCATATAAATGCACG were used to amplify
413-bp from tetraploid wheat. Digestion of the amplified
product with the restriction enzyme Rsal yielded three
fragments of 38, 144 and 231-bp in Langdon and two
fragments of 144 and 269-bp in G18-16.

Wheat genetic map

A population of 152 recombinant inbred lines (RILs) was
produced from a cross between wild emmer wheat, Triticum
turgidum ssp. dicoccoides, accession ‘G18-16" and durum
wheat ‘cv. Langdon’ (Peleg et al. 2008). Multi-locus
ordering and validation were carried out using the proce-
dures described before (Mester et al. 2003) and implemented
in ‘MultiPoint’ package (http://www.MultiQTL.com).

The wheat physical map was adapted from previously
published maps (Sourdille et al. 2004; Conley et al. 2004).
The rice physical map was adapted from the Rice Func-
tional Genomics Database website (http://signal.salk.edu/
cgi-bin/RiceGE).

Quantitative PCR experiments

Quantitative PCR experiments were performed on Kitaake
rice and Kronos wheat grown under long-day greenhouse
conditions. RNA was extracted using Spectrum plant total
RNA kit (Sigma-Aldrich, Saint Louis, MO). First strand
cDNA was synthesized from 1 pg of total RNA with the
QuantiTect Reverse Transcription Kit (Qiagen, Valencia,
CA). For Q-PCR amplification in wheat, we used the
previously published primer sets for GPC-B2 (Uauy et al.
2006b) and TEFI as endogenous control (Distelfeld et al.
2009). For Q-PCR amplification in rice, we developed new
primers sets for Os07g37920 (CGTCTCTCTCAGGCTGG
ATG and CCGTTTACGAGGAAGGTGTC, efficiency =
99%) and for OsTEFI1 (GCAGGAACTACTGCACCAA
GG and GAGCCTGCTGAATCACATCA, efficiency =
99%). Q-PCR was performed on an ABI PRISM 7000 SDS
(Applied Biosystems, Foster City, CA, USA) using
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SYBR® GREEN. The 27 **“* method (Livak and Sch-
mittgen 2001) was used to normalize and calibrate tran-
script values relative to the endogenous control.

Pollen viability test

In vitro germination was estimated following the method of
Kariya (1989) at 20°C in an artificial germination medium
containing 20% sucrose, 1% agar and 20 ppm boric acid.
In addition pollen grain starch was stained with Lugol
iodine solution (Sigma-Aldrich) to estimate the proportion
of viable pollen grains.

Chlorophyll measurements

Relative chlorophyll levels in senescing leaves were mea-
sured using a hand-held chlorophyll meter (SPAD) from
wild-type, AGPC-Al, AGPC-B2 and AGPC-A1/AGPC-B2
double mutant wheat plants at 40, 50 and 60 days after
anthesis (DAA). The averages of ten SPAD measurements
per Flag-1 leaf were obtained for at least ten biological
replicates of each genotype.

Results

Identification of the orthologous rice gene to the GPC
genes

To identify the orthologous rice NAC gene to the GPC genes
we used 10 and 12 non-redundant NAC proteins from rice and
Arabidopsis, respectively. The NAC domains of GPC-B1 and
GPC-B2 proteins were aligned with these NAC sequences and
a combined phylogenetic tree was constructed. Examination
of the tree revealed that the GPC genes cluster with the rice
gene Os07g37920 (Fig. 1). Os07g37920 is the closest rice
homologue to both GPC-1 and GPC-2. It is also possible that
an orthologous copy of GPC-1 was deleted in the rice lineage.
The 0s07g37920 and GPC branch includes 3 Arabidopsis
genes; At1g52880, At3g15510 and Atig61110 (Fig. 1). This
cluster was supported by a bootstrap value of 75 in the
Neighbor Joining tree (Fig. 1). The same group of six proteins
was clustered together in all three additional phylogenetic
analyses used in this study (Minimum Evolution, bootstrap
78; Maximum Parsimony, bootstrap 60; and UPGMA, boot-
strap 87, data not shown) providing additional support to the
close relationship among these proteins.

GPC-B2 and Os07g37920 are located in syntenic
wheat-rice regions

The GPC-B2 gene was previously mapped to the centro-
meric region of the short arm of chromosome 2B (BIN
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Fig. 1 Phylogenetic analysis of the NAC proteins closest to wheat
GPC-1 and GPC-2 from Arabidopsis and rice. Amino acids within the
five NAC domains were aligned using ClustalW (Thompson et al.
1994). The phylogenetic tree was constructed using the Neighbor-
Joining method as described in MEGA software version 4 (Tamura
et al. 2007). The stability of the different nodes was tested using
bootstrap analysis with 1,000 replicates as implemented in MEGA.
The tree shows that the closest rice homologue to the GPC genes is
0507837920

C-2BS1-0.53) using nulli-tetrasomic, ditelocentric and
deletion lines (Uauy et al. 2006b). To map this gene more
precisely in wheat, we developed a dCAP marker for the
GPC-B2 gene (see Materials and Methods). In addition, we
developed a CAP marker for the EST BF291736 previously
mapped in the physical bin C-2BS1-0.53 (http://probes.pw.
usda.gov:8080/snpworld/Map) (see “Materials and meth-
ods”). These two markers were mapped on a population of
152 Fg recombinant inbred lines (RILs) from the Langdon
x G18-16 cross, kindly provided by Dr. Tzion Fahima from
the University of Haifa, Israel.

GPC-B2 and BF291736 loci were mapped within a
20 cM interval in the centromeric region of chromosome
arm 2BS, flanked by SSR markers gwmli177 and gwm374
(Fig. 2). The BF291736 locus was mapped 9.5 cM distal to
GPC-B2 and 3.9 cM proximal to gwm374. Sourdille et al.
(2004) mapped gwm374 to the proximal region of chro-
mosome 2BS using wheat deletion lines (C-2BS1-0.53 bin)
confirming our previous assignment of GPC-B2 to this
centromeric bin. Conley et al. (2004) further dissected the
C-2BS1-0.53 centromeric bin into 3 consensus bins (des-
ignated CS, 1S and 2S from proximal to distal, Fig. 2) and
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mapped BF291736 and other wheat ESTs to CS, the most
proximal bin (Fig. 2). Genes in this wheat 2BS region are
colinear to genes in the long arm of rice chromosome 7,
which includes Os07g40320 (the rice orthologue of wheat
EST BF291736) and Os07g37920 (the rice gene showing
greatest similarity to wheat GPC, Fig. 1). Figure 2 shows
the location of Os07g37920, the flanking rice genes and
their relationship with wheat ESTs mapped within the CS
bin. Taken together, the genetic map and the phylogenetic
analysis suggest that GPC-B2 and 0s07g37920 are
orthologous genes.

Transgenic RNAi and OE lines for Os07g37920

To functionally characterize the rice NAC transcription
factor Os07g37920, an RNAI construct was transformed into
the rice variety Kitaake, selected for its high transformation
efficiency. The RNAI construct was designed to target the 3’
end of the 0s07g37920 gene, outside the NAC domain to
avoid interference with other NAC transcription factors.
Surprisingly, eleven independent transformation events
(out of fourteen) produced no viable seeds while the con-
trol Kitaake plants set fertile seeds. Plants from two of
these events were pollinated with pollen from the non-
transgenic Kitaake plants and seven fertile seeds were
recovered (BC; generation), indicating that the pistils of
the transgenic plants were functional. The seven BC,
individuals obtained from these seeds were all male-sterile
and Southern blot analysis confirmed that all carried the

gwmé14 1Mbp
6S
.y 55 ] pi 0507940320
BF291736/ . 0507938740
38 -
gwm410 BE497015-7 ) 0507938530
— - 0507938111
[ 2s | | BE438639 0507937920
gwma374 s BE497171
— | BE494907 ___
BF291736 —_ 0507936200
BG314125+. _
/ cs| < BE444378 0507934720
GPC-B2 BE636802-~ 0507934030
\./ L 0507934006
gwm1177 —g— )
2BS wheat  2BS wheat 7L rice

Genetic map  Physical map Physical map

Fig. 2 0s07g37920 is orthologous to the wheat GPC-B2 gene. Left:
genetic map of GPC-B2 to the proximal region of chromosome 2BS
in a 20 cM interval flanked by gwm374 and gwmlI177 SSR markers.
GPC-B2 was mapped 9.9 cM proximal to marker BF291736. Center:
wheat chromosome arm 2BS physical map showing wheat ESTs
including BF291736 mapped to the CS centromeric bin (adapted from
Sourdille et al. 2004; Conley et al. 2004). Right: rice chromosome
arm 7L physical map showing Os07g37920 flanked by rice genes with
orthologous wheat ESTs mapped to consensus bin CS including
0s507g40320 (the orthologous gene to BF291736)

RNAI construct, further supporting the correlation between
the presence of the transgene and sterility (control Kitaake
plants set normal seeds).

The sterility of the male flower organ was correlated with
an abnormal anther phenotype during anthesis (Fig. 3). The
anthers of the transgenic plants were able to emerge from the
glumes, and although they contained pollen, the grains were
not released from the pollen sacs. At a later stage, as the
anthers dried out, they retained their yellow color, showing
that the pollen remained inside. Some pollen grains of the
0s07g37920 RNAI transgenic plants were able to germinate
on artificial media (Fig. 4a-b). However, when treated
with Lugol iodine, the proportion of stained pollen grains in
the transgenic plants was lower than in wild-type plants
(64.2% =+ 8.02 in RNAI versus 98.4% =+ 2.5 in wild-type,
average stained pollen grains & standard deviation)
(Fig. 4c—d). The sterile Os07g37920 RNAi transgenic plants
senesced normally in comparison with wild type Kitaake
plants and no other phenotypic differences were detected.

Ten independent transformation events were obtained
for the 050737920 over expression construct. The plants
were grown in a glasshouse and, in contrast to the trans-
genic RNAI lines, there was no evidence of any effect on
fertility or anther dehiscence. In addition, all plants
exhibited normal growth and senescence and no pheno-
typic differences were detected between the transgenic and
control lines.

The rice Os07g37920 and wheat GPC-B?2 transcription
profiles

Fang et al. (2008) showed that Os07g37920 transcript
levels were highest in the stamen (1 day before flowering)
relative to other tissues. Our quantitative PCR experiments
confirmed this finding and show that the expression of
0s07g37920 is up-regulated during flower development
and leaf senescence (Fig. 5a). The expression of
0s07g37920 in senesced rice leaves was about half of that
in the stamens. The expression of 0s07g37920 in the RNAi
lines was reduced by 50% confirming an efficient silencing
in the rice transgenic lines (dashed line, Fig. 5a). In wheat,
GPC-B2 expression was low in the stamen compared to
senesced leaves and did not increase with flower devel-
opment (Fig. 5b). As previously reported by Uauy et al.
(2006b), GPC-B2 expression in the leaves increased dra-
matically during senescence (Fig. 5b).

Wheat GPC knock-out mutants show delayed
senescence but normal anther dehiscence

All tetraploid durum cultivars analyzed so far (including

Kronos) have a natural deletion of the GPC-A2 gene and a
non-functional copy of GPC-BI (Uauy et al. 2006b).
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Fig. 3 a Wild type Kitaake rice flower at anthesis showing dehiscent
anthers that released the pollen grains. b 0s07g37920 RNAi
transgenic flower showing anthers that emerged from the lemma
and palea at the same time as the wild type controls but remained

Therefore, when screening for deleterious mutations for
these paralogous genes, we needed only to target the GPC-
Al and GPC-B2 copies to eliminate all functional copies of
both GPC-1 and GPC-2.

GPC-Al

The screening of the tetraploid mutant population resulted
in the identification of seventeen independent mutations in
the amplified fragment of the GPC-AI gene. Among these
mutations we selected the substitution of guanine to ade-
nine in genomic DNA position 561 from the start codon
(G561A) because this mutation results in a premature stop
codon at position 114 of the GPC-A1 protein. This protein
truncation will be referred hereafter as AGPC-Al. A CAP
marker based on the BsrlI restriction site lost in the G561A
mutation was developed to facilitate the selection of this
mutation in subsequent crosses.

GPC-B2

A similar screen to identify mutations for the GPC-B2 gene
revealed 6 independent mutations that affect the GPC-B2
protein sequence. The most promising mutation was a
substitution of guanine to adenine in genomic DNA posi-
tion 516 from the start codon (G516A) that is translated
into a premature stop codon at position 109 of the GPC-B2
protein. This protein truncation will be referred hereafter as
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intact and did not release pollen grains. Therefore, anthesis did not
occur in the transgenic plants while the wild type flower continued its
development

AGPC-B2. The G516A substitution also resulted in the loss
of a Bsrl restriction site, and we used this difference to
develop a CAP marker to facilitate the selection process.

Seeds of the AGPC-A 1 knock-out mutants were sown and
later crossed with non-mutagenized Kronos to reduce the
mutation load. The F,; plants were self-pollinated and plants
homozygous for the AGPC-AI mutation were selected from
the F, progeny. Selected homozygous GPC-A I mutant plants
were crossed with the AGPC-B2 mutants to combine both
mutations. The hybrids of this cross were backcrossed twice
to Kronos in order to further reduce the mutation load. BC,F,
plants were used to select single (AGPC-AI and AGPC-B2)
and double (AGPC-AI/AGPC-B2) mutants. The selected
plants were self-pollinated (BC,F;) and homozygous mutants
were selected and evaluated under field conditions in the
winter of 2010-2011 in Israel. Plants grown in the glasshouse
were used to determine relative rates of senescence.

Flower and anther morphology of the knockout mutants
compared to the wild type sister line were normal (data not
shown). The number of seeds per spikelet was measured to
detect and quantify any potential effect of the null mutants
on the plant’s fertility (Fig. 6a). No significant differences
were detected between the genotypes although the double
mutant showed a small decrease in number of seeds per
spikelet. SPAD measurements to quantify relative leaf
chlorophyll content were taken from each genotype at 40,
50 and 60 DAA (Fig. 6b). An ANOVA test including time,
GPC-Al, GPC-B2 and all possible two-way interactions



Plant Mol Biol (2012) 78:515-524

521

] z o
. L
:

5 @

Fig. 4 Pollen viability tests. Pollen grain germinated on artificial medium (wild type—a, Os07g37920 RNAi—b) and pollen grains stained with
Lugol’s iodine solution (wild type—ec, Os07g37920 RNAi—d). Scale bar = 15 pM

showed highly significant differences for GPC-Al
(P < 0.0001) between wild type and mutant alleles. The
adjusted means of the chlorophyll content in the lines with
the GPC-AI mutant allele were almost twice as high as the
means in the lines with the wild type alleles. The differ-
ences between wild type and mutant alleles for the GPC-B2
locus were non-significant (P = 0.06), and the interaction
between the two loci were also non-significant (P = 0.08).
Differences in chlorophyll content in time were highly
significant (P = 0.0008) (Fig. 6b).

Discussion

050737920 is the orthologous rice gene to the GPC
genes

All phylogenetic analyses using rice and Arabidopsis
NAC genes show that Os07g37920 is the most similar

rice gene to the GPC genes in wheat, suggesting that it is
the orthologous gene. This hypothesis is also supported
by the genetic and physical mapping of GPC-B2 and
0s07g37920 to colinear regions in wheat and rice
(Fig. 2). These results suggest that the copy on chro-
mosome 6B likely originated from a duplication that
occurred in the wheat lineage after its divergence from
the rice lineage. However, we cannot rule out the pos-
sibility of a deletion of a gene colinear to GPC-I in the
rice lineage.

All the phylogenetic analyses also showed a group of
three related Arabidopsis genes (Af/g52880, At3gl15510,
and Arlg61110) that are grouped with the cluster
including the wheat GPC and rice Os07g37920 genes,
suggesting that they are the closest homologs of the wheat
and rice genes. This hypothesis is also supported by the
increased transcript levels of the rice and Arabidopsis
genes from this group during anther development (see
next section).
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Fig. 5 Transcript levels of rice and wheat NAC transcription factors
in the stamens (black lines) and leaves (grey lines) in different
developmental stages: booting (10 days before anthesis), flowering-1
(1 day before anthesis), 12 and 24 DAA (days after anthesis). a Rice:
transcript levels of Os07g37920 in wild type Kitaake plants (solid
lines) and transgenic RNAi- Os07g37920 plants (dashed line).
b Wheat: transcript levels of GPC-B2 in tetraploid cultivar ‘Kronos’.
Values are averages of 4-8 individual plants and bars represent
standard errors of the mean. Since the same corrector value was used

in the linearized transcript levels (10.9), the scales of the two graphs

are comparable
- .
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Fig. 6 Fertility and senescence phenotype of wheat GPC EMS
mutants. a Number of seeds per spikelet calculated as number of
seeds per spike divided by the number of spikelets in the spike. BC,F;
plants carrying single (AGPC-Al or AGPC-B2) and double (AGPC-
A1/AGPC-B2) knock-out mutations for the GPC genes in tetraploid
wheat were compared to a sister line with wild-type GPC alleles
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Rice 0s07g37920 and wheat GPC genes have divergent
functions

The results of our study demonstrate the importance of
0s07¢37920 for anther development in rice. Our results
show that Os07g37920 is expressed at the highest levels in
rice stamens and that a reduction of Os07g37920 transcript
levels resulted in male sterility in eleven independent
transgenic lines. This phenotype was not observed in any of
the ten Os07g37920 over-expressing transgenic lines,
suggesting that the sterility observed in the RNAi lines is
caused specifically by this construct and was not the result
of the transformation events themselves. The closest Ara-
bidopsis gene to Os07g37920 and the wheat GPC genes,
Atlg61110 is expressed specifically in the tapetum and
maximal expression occurs when the pollen grain under-
goes maturation. Interestingly, Arabidopsis At/g61110 null
mutants failed to show any phenotype, most likely due to
gene redundancy (Alvarado et al. 2011).

In wild type plants, the tapetum cell layer in the anther
undergoes cellular degradation during late stages of anther
development. This degradation process is important for
pollen grain maturation and is considered to be a pro-
grammed cell death (PCD) event. Therefore, it is possible
that the lack of anther dehiscence in our rice Os07g37920
RNAI transgenic plants is related to a modification of the
tapetum senescence. More detailed anatomical studies will
be required to test this hypothesis.

In contrast to the O0s07g37920-RNAi rice results,
reduction of GPC-I and GPC-2 expression in the trans-
genic RNAi wheat plants had no effect on fertility (Uauy
et al. 2006b). Since the GPC-RNAI only reduced the GPC

b
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8 SAGPC-82
E] DAGPC-A1/AGPC-B2
8 2]
3
e 15
3
£ 10 4
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]
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0 :
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(WT). Pair-wise comparisons among the four genotypes using the
Tukey—Kramer test revealed non-significant differences for all
comparisons (P < 0.08). b Relative chlorophyll levels measured by
SPAD at 40, 50 and 60 DAA. Values are averages of ten independent
measurements taken from between 10 and 20 biological replicates of
each genotype £ SE of the mean



Plant Mol Biol (2012) 78:515-524

523

transcript levels by 50%, it is possible that the residual
activity was sufficient to trigger anther senescence. This
does not seem to be the case, since the wheat mutant lines
with no functional GPC copies showed normal anther
dehiscence and set seed normally by self-pollination. In
addition, senescence was significantly delayed in the
AGPC-Al and AGPC-AI/AGPC-B2 double mutant plants,
confirming the earlier finding that in wheat, the GPC-I
gene plays an important role in the initiation and progres-
sion of senescence. The AGPC-B2 truncation showed a
non-significant effect but the P values were close to the
significance level (P = 0.06). In addition the double
AGPC-AI/AGPC-B2 mutant showed a slight increase in
the delay of senescence compared with the AGPC-Al
alone. Although these results show that the GPC-B2 gene
has a weaker role in terminal senescence than the GPC-AI
gene, it is possible that the presence of the AGPC-B2
mutation enhances the effect of the GPC-A] mutations in
the double mutants. Testing this hypothesis will require
further experimentation with a larger number of replica-
tions and higher statistical power.

These results indicate that, despite their orthologous
relationship, the wheat GPC genes and the rice
0s07g37920 gene have divergent functions. It is possible
that the duplication of the wheat GPC genes after the
wheat-rice divergence facilitated the functional divergence
of the wheat genes.

Interestingly, another NAC transcription factor, Arabid-
opsis AtNAP (Fig. 1, ATNAP), seems to play a role in both
senescence and fertility. AtNAP T-DNA mutant lines showed
delayed senescence (Guo and Gan 2006) while Ar7NAP RNAi
transgenic lines showed inflorescences with short stamens
and their anthers often did not dehisce (Sablowski and
Meyerowitz 1998). The different phenotypes reported in the
previous two studies might be due to the different Arabid-
opsis ecotypes that were used: Landsberg erecta (Sablowski
and Meyerowitz 1998) versus Columbia (Guo and Gan 2006)
or to the different approaches employed: T-DNA insertion
mutation versus antisense RNA..

Different expression patterns for Os07g37920
and the wheat GPC genes

0s07g37920 and the wheat GPC genes show divergent
expression patterns with different relative transcript levels
in leaves and anthers. In wheat, the highest transcript levels
of GPC-B2 was observed in the leaves while in rice the
highest transcript level of 0s07g37920 was found in the
stamens. It is possible that the different transcription pro-
files of these orthologous genes are related to their diver-
gent functions.

In summary, our results confirmed that the wheat GPC
genes have a significant effect on terminal senescence and

that the GPC-AI gene has a larger phenotypic effect than
the GPC-B2 gene. Our results also showed that the rice
GPC orthologue has no effect on terminal senescence but
that it could be useful to engineer male sterility in rice. The
functional differentiation of these genes precludes the use
of the rice GPC orthologue as a model to study the effect of
the wheat GPC genes on terminal senescence. Therefore
the characterization of the role of the GPC in terminal
senescence and nutrient remobilization will require dedi-
cated studies in wheat. This study also provides an example
of the dynamic nature of the large NAC transcription factor
family and their potential to evolve different and novel
functions.
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