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ABSTRACT

Subfunctionalization is the process by which a pair of duplicated genes, or paralogs, experiences a
reduction of individual expression patterns or function while still reproducing the complete expression
pattern and function of the ancestral gene. Two germin-like protein (GLP)-encoding genes, GerB and
Gerl are paralogs that belong to a small gene family in barley (Hordeum vulgare). Both genes share high
nucleotide sequence similarity in coding and noncoding regions and encode identical apoplastic
proteins. The use of RNA gel blots, coupled with single-stranded conformation polymorphism (SSCP)
analysis of RT-PCR products, elucidated the developmental and tissue-specific expression patterns of each
gene. Individual expression patterns provided evidence of both overlapping redundancy and early
subfunctionalization. GerB is predominantly expressed in developing shoots, while GerF'is predominantly
expressed in seedling roots, developing spikes, and pericarp/testa. Gerf'promoter deletion studies located
a region (—356/—97) responsible for high promoter activity and showed the ability of GerB and GerF
upstream regions to drive gfp expression in coleoptiles, epicarps, and lemma/palea of developing spikes.
The observed expression patterns are consistent with proposed roles in plant development and defense
mechanisms for this gene family. These roles may explain why redundancy has been selectively

maintained in this duplicate gene pair.

HE evolution of plant genomes has been shaped by
the occurrence of multiple gene duplication
events (PATERsON 2004; Branc and Worre 2004a).
Under the classical model of duplicated gene evolu-
tion, these events represented an opportunity for one
of the copies, or paralogs, to diverge and potentially
acquire novel functions (OHNO 1970). A modern view,
aimed at explaining the high retention rates observed
for paralogs in eukaryotic genomes, introduced the
concept of gene preservation by complementary de-
generative mutations, or subfunctionalization (FORCE
et al. 1999). Accumulation of mutations in paralogs may
result in: (1) evolution of one copy to a nonfunctional
pseudogene (pseudogenization), (2) divergence of one
copy to acquire a new biological function (neofunc-
tionalization), (3) reduction of expression patterns in
both copies while still maintaining the complete
expression pattern of the ancestral gene (subfunction-
alization), and (4) functional retention of both
paralogs to increase the level of gene product (FORCE
et al. 1999; Gu et al. 2003; OSBORN et al. 2003).
Genes have multiple regulatory elements that govern
their spatial and temporal patterns of expression. Muta-
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tions in these elements can affect independent sub-
functions, making both gene duplicates complementary
and essential (FORcCE et al. 1999). Thus, accumulation of
complementary degenerative mutations may explain why
certain genes are retained as duplicates (FORCE et al
1999; LyncH and Force 2000). Complete loss-of-function
mutations in different regulatory elements will result in
qualitative subfunctionalization of paralogs (FORCE et al.
1999). This is best exemplified when an ancestral gene
expressed in two tissues duplicates and diverges into two
paralogs, each expressed in only one of those tissues
(spatial divergence). Reduction-of-expression mutations,
on the other hand, will result in quantitative subfunc-
tionalization of both paralogs so that both are required to
supply sufficient protein product (FORCE et al. 1999).
Recent studies revealed that gene loss has been the
most likely fate of duplicated genes in Arabidopsis
thaliana (MAERE et al. 2005). In spite of this, high
retention rates of certain groups of duplicated genes
have been observed. These include genes involved in
development, transcription, signal transduction, second-
ary metabolism, and response to biotic stresses (MAERE
et al. 2005). Rates were lower, however, for gene du-
plicates involved in transcription and signal transduc-
tion when originated by small duplication events,
probably due to dosage effects (BIRCHLER et al. 2001,
2005). Thus, retention of duplicated genes not only
correlates with their function but also depends on
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whether they originated from whole-genome or small-
scale duplication events (MAERE et al. 2005; MOORE and
PuruGGanan 2005). In addition, selective retention of
redundancy, as in the case of developmental genes, has
often been related to genetic robustness (WAGNER 2005).

Germins constitute a group of homologous proteins
found onlyin “true” cereals (HiLL 1937), including barley,
maize, oat, rice, rye, and wheat (LANE 2002). All contain
a characteristic sequence, PHIHPRATEI, known as the
germin box (LANE et al. 1991). The first described
germin was detected as amarker of the onset of growth dur-
ing germination of isolated wheat embryos (THOMPSON
and LANE 1980) and was later found to have oxalate
oxidase activity (LANE et al. 1993). This oxidase activity
generates two molecules of carbon dioxide and one
molecule of hydrogen peroxide for every molecule of
oxalate and dioxygen. The generation of hydrogen
peroxide by germins is consistent with their proposed
roles in defense and development (LANE 1994, 2002).
Germins of uncharacterized enzymatic activity, such as
barley GerB and Gerl; are referred to as germin-like
proteins (GLPs).

One hundred twenty-four germin and germin-like
barley cDNAs have been grouped according to their
amino acid homology into five subfamilies, designated
HuGER-I to HUGER-V (DRrRUKA et al. 2002). GerBand GerF
are two closely linked loci on barley chromosome 1 (7H)
bin 8 and belong to the HvGER-III subfamily (DRUKA
et al. 2002). Both genes share high nucleotide sequence
identity in coding and noncoding regions. These
constitute an excellent pair of paralogous genes to
study the evolution and fate of recently duplicated
genes in a diploid cereal species such as barley.

A previous report localized high levels of oxalate
oxidase activity to the epicarp of the developing barley
grain, but it could not link this activity to GerB or Gerl
expression in this tissue using transient expression
analysis (Wu et al. 2000). Also, sequence analysis of
barley EST libraries did not strictly discriminate the
expression patterns of these two genes, due to their
highly conserved nature (DRUKA et al. 2002). In this
report, the use of single-stranded conformation poly-
morphism (SSCP) analysis of RT-PCR products allowed
us to elucidate the developmental and tissue-specific
expression patterns of each gene, providing evidence of
both overlapping redundancy and early subfunctional-
ization. The ability of both promoter sequences to direct
reporter gene expression in various tissues is discussed
in relation to the evolutionary fate of recently dupli-
cated genes, the putative developmental function of
these GLPs, and the potential utility of these promoters
for targeted transgene expression in barley.

MATERIALS AND METHODS

Materials: Seeds of barley (Hordeum vulgare L.) cultivars
Morex, Steptoe, and Golden Promise and of wild barley (H.

vulgare ssp. spontaneum, P1 391093) were obtained from the
USDA-ARS National Small Grains Collection (Aberdeen, ID).
Plants were grown in 3.8-liter pots (1:1 mixture of peat moss
and vermiculite) in a greenhouse with 26° days and 13-26°
nights. Supplemental 400 W sodium arc vapor lights were used
during a 16-hr photoperiod. Growth chambers were main-
tained at 16-18° under the same photoperiod. Fusarium
graminearum strain NRRL 29169 was obtained from Kerry
O’Donnell (USDA, ARS, National Center for Agricultural
Utilization Research, Peoria, IL). The fungus was cultured as
per SKADSEN and HoHN (2004).

RNA extraction and differential display: Total RNA from all
tissues, except ovaries, anthers, and seeds, was extracted with
guanidinium thiocyanate (CHIRGWIN et al. 1979). Ovary and
anther RNAs were extracted using an RNeasy kit (QIAGEN).
Seed RNAs were extracted as described (SKADSEN 1993).
Pericarp RNA for differential display was extracted from
Morex seeds at the early dough stage of development. Morex
seeds were imbibed for 8 hr, and developing shoots were
harvested 1-6 days from the beginning of imbibition (dpi).
Developing spikes were staged as described in SKADSEN et al.
(2002). Pericarp/testa from developing seed were staged as
follows: (1) approximate pollination, (2) elongating, (3)
gelatinous, and (4) dough; seed developmental stages were
as described in SKADSEN et al. (2000). Pericarp and flag leaf
poly(A)" mRNAs were purified on an oligo(dT) cellulose
column (type III, Collaborative Biomedical Products). Syn-
theses of first strand pericarp and leaf cDNAs were carried out
according to KrRuG and BERGER (1987). Routine molecular
procedures were performed as described (SAMBROOK and
RusskLL 2001). Differential display of cDNAs was performed
as L1aNG and PARDEE (1992) with modifications (FEDERICO
et al. 2005).

Cloning and sequencing of cDNA: A radiolabeled DNA
band (designated GerB) prominent among pericarp differen-
tial display products, but absent in flag leaf products, was
excised from the gel and used as a template in unlabeled
tertiary PCRs, performed as above. A 680-bp product was
cloned into the pCR2.1 vector and used to transform FEscher-
ichia coli INVaF' cells (Invitrogen). The cloned insert was
sequenced using Big Dye fluorescent terminators (Applied
Biosystems). Sequences were determined by the University of
Wisconsin Biotechnology Center.

The 5’ sequences of the GerB and GerF' mRNAs were
determined by rapid amplification of ¢cDNA ends (RACE)
using the GeneRacer kit, as described by Invitrogen. A
GeneRacer RNA oligonucleotide (5-CGACUGGAGCACGAG
GACACUGACAUGGACUGGAAGGAGUAGAAA) was ligated
to the 5" ends of pericarp, coleoptile, and lemma/palea
mRNAs. A GeneRacer oligo(dT) primer [5'-GCTGTCAACGA
TACGCTACGTAACGGCATGACAGTG(T) 5] was used to
prime transcription with AMV reverse transcriptase. One
gene-specific downstream primer (GSP1) was designed using
the sequence from the 680-bp GerB fragment: GSP1 (5'-
GTGCCAGGGAGATGCCGAGGGTGTTGA). GSP1 was used
to amplify the 5" ¢cDNA end of GerB and GerI' from pericarp,
coleoptile, and lemma/palea RACE-ready cDNAs using Gene-
Racer 5’ primer (5'-CGACTGGAGCACGAGGACACACTGA)
as the upstream primer, in separate PCR reactions.

Sequence analyses were performed using the BCM Search
Launcher interface (SMITH et al. 1996), unless stated other-
wise. Homology searches were performed to all sequences in
GenBank and TIGR barley EST databases using the BLAST
algorithm (AvrtscHUL et al. 1990). Nucleotide and protein
sequence alignments were performed using ClustalW 1.8
(THOMPSON et al. 1994). Nucleotide replacement (K,) and syn-
onymous (K;) substitutions were estimated using K-estimator
v6.0 (COMERON 1999).
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RNA gel and Southern blot analyses: Preparation of gel
blots, preparation of **P-dCTP radiolabeled probe (FEINBERG
and VOGELSTEIN 1983), hybridization and washing conditions,
and autoradiography were conducted as previously described
(SKADSEN et al. 1995). Following hybridization with 3" 246-bp
GerB, PR-1, and ribosomal cDNA probes, RNA gel blots were
rinsed at 50°. Blots contained 10 pg total RNA per lane. Total
RNA cDNA probe was prepared as previously described
(FEDERICO et al. 2005). Transcript levels were quantified by
electronic autoradiography using an Instant Imager (Packard,
Prospect, CT). Counts per minute obtained with the 246-bp
GerB 3'-UTR probe were normalized relative to counts per
minute values obtained from 18S ribosomal RNA hybrid-
izations. PCR primers were designed to obtain a 454-bp barley
cDNA PR-1 (GenBank accession Z21494) probe. This served as
a positive control for host response to infection. Southern
blots contained 10 g of genomic DNA per lane. DNA was
digested to completion with EcoRV, BamHI, or HindIIl and
electrophoretically separated on 0.8% agarose gels. Two GerB
cDNA probes (680 bp and 246 bp) and a Stowawaylike minia-
ture inverted-repeat transposable element (MITE) (160 bp)
probe were used to hybridize Southern blots.

Cloning and analysis of GerB and GerF genomic sequences:
Different PCR primers were designed to amplify and clone
overlapping regions of the Gerl"and GerB genes from Morex
genomic DNA to corroborate that the authentic nuclear genes
had been cloned. To examine gene sequence conservation
between GerB and GerE, we used the main VISTA (mVISTA)
program (MAYOR et al. 2000). To locate repetitive sequences in
GerB and GerF genes, homology searches to all sequences in
TIGR Hordeum repeat database were performed using the
BLAST algorithm (ALTSCHUL ef al. 1990). Homology search of
putative cis-acting DNA elements was performed with the
PLACE (plant cis-acting regulatory DNA elements) database
(H1Go et al. 1999).

SSCP analysis of GerB and GerF RT-PCR products: A pair
of primers (GerSSCP1 5-ACTCTCTTTCATCTGGGCAT and
GerSSCP2 5'-GAGCACCTCTGTATTCCA) was designed to
amplify GerB and GerF’3'-UTRs. GerB and GerF’ RT-PCR prod-
ucts were 213 bp and differed by only four substitutions,
which yielded a pairwise nucleotide identity of 98.1%. Total
RNAs (5 pg) were treated with RQI0 DNAse (Promega,
Madison, WI). cDNA syntheses were performed using Super-
script III (Invitrogen, Carlsbad, CA) in 20-u reactions. Aliquots
(5 pl) of one-tenth cDNA dilutions were used as templates for
each RT-PCR reaction. RT-PCR reactions (10 pl) also in-
cluded 1 unit 7aq polymerase (Perkin-Elmer, Norwalk, CT),
1X buffer (Perkin-Elmer), 10% (v/v) DMSO, 0.4 mm dNTPs, 1
pCi [a®P]-dCTP (3000 Ci/mmol; Amersham Biosciences,
Piscataway, NJ), and 2 um of each primer. Amplification
started with a 94° denaturation step (3 min), followed by 24
cycles of 15 sec at 94°, 30 sec at 50°, and 30 sec at 72°, with a
final 72° extension of 7 min. Fifty microliters of SSCP loading
buffer [95% formamide, 10 mm NaOH, 0.25% (w/v) xylene
cyanol, 0.25% (w/v) bromophenol blue] were added to each
RT-PCR reaction. RT-PCR products were then heated for 10
min at 96° and quenched on ice for 10 min. A total of 4 pl of
each sample was loaded on a 0.75 X mutation detection
enhancement gel (MDE; Cambrex BioScience, Walkersville,
MD) and electrophoresed at 7 W constant power for 20-22 hr
at 21-25° in a Bio-Rad sequencing apparatus. Electrophoresis
and gel buffers used were 0.6X and 0.63X TBE, respectively.
Following electrophoresis, the gels were dried on Whatman
G3 paper and exposed to film between Kodak intensifying
screens for 24-48 hr.

Transcript levels were quantified by electronic autoradio-
graphy, as above. Counts per minute values obtained from in-
dividual GerB and Gerf-specific SSCP fragments were used to

estimate the contribution of each paralog to each tissue’s Ger
transcript pool. This cDNA-SSCP analysis yields quantitative
estimates of transcript ratios in template pools (CRONN and
Apams 2003). A calibration curve spanning different GerB: Gerl®
template pools (100/0, 75/25, 50/50, 25/75, 0/100) showed
that ratios could be estimated on a reaction tube basis (supple-
mental Figure 1 at http:/www.genetics.org/supplemental/).
Transcript levels were considered approximately equal when
ratios for the two paralogs ranged from 50/50 to 60/40;
preferential expression of one paralog was assumed when
ratios were 61/39 or greater.

F. graminearum infection of detached spikes: Barley spikes
(cv. Morex) were excised when they reached the elongating
stage (Figure 3H, stage 2; according to SKADSEN et al. 2000)
and placed in 50-ml plastic test tubes. Spikes were either mock-
inoculated (water) or inoculated with F graminearum (2030
spores/ml). Tubes were slowly rotated for 1 hr at 22°. After
this inoculation, spikes were placed on 1% water agar and
incubated at 22° for 24 and 48 hr. Spikes were rinsed prior
to dissecting lemmas. Two independent experiments were
conducted.

Promoter deletion analyses: PCR primers were designed to
produce 5’ deletions of the Gerpromoters (Figure 6A). Morex
genomic DNA was used as a template in PCR reactions using
Pfx polymerase (Invitrogen). Products were translationally
fused to the gfp reporter gene by replacing the Ubil promoter
contained in the HindIII-Ncol fragment of the pAHCSGFP
vector (KAEPPLER et al. 2000). All expression vectors contained
the Ger 5’-UTR region, which is identical in GerB and GerI”
Constructs were sequenced to ensure correct synthesis. For
analysis of promoter deletions, developing barley spikes,
seeds, and leaves were harvested from greenhouse-grown
plants on the day of transformation. Lemmas and paleas were
removed from the seeds to expose the pericarp epidermis
(epicarp). Coleoptiles were harvested from 1-day-old seedlings
grown at 21°. Transient expression experiments were per-
formed as previously described (FEDERICO ef al. 2005).

RESULTS

GerB and GerF encode two paralogous germin-like
proteins: Differential display was used to produce
c¢DNAs corresponding to the 3’ end of mRNAs found
in the pericarp but not in flag leaves of barley cultivar
Morex. One of these cDNAs was selected for further
analysis due to its signal strength and specificity.
Sequencing of this 680-bp cDNA revealed 100 and
99% nucleotide identity with the barley GerB and GerFF
genes, respectively. These two paralogs are part of a
gene family in barley that encodes GLPs (Wu et al. 2000;
DrukaA et al. 2002). Southern blot analysis of Morex
genomic DNA, hybridized with the 680-bp GerB cDNA,
confirmed that GerB belongs to a relatively small gene
family (Figure 1A). This probe hybridized strongly to
two and weakly to four HindIIl and EcoRV fragments.
Hybridization with a GerB 3'-UTR fragment (246 bp),
which differs only by 5 bases with the corresponding
Gerl' 3'-UTR fragment, revealed that this probe is
specific for both GerB and Gerl" and does not cross
hybridize with other barley GLP genes (Figure 1B). The
same restriction fragment length polymorphism was ob-
served when genomic DNA from wild barley (H. vulgare
ssp. spontaneum) and two other barley cultivars (Steptoe
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FiGure 1.—Southern blots of Morex genomic DNA di-
gested with BamHI, Hindlll, or EcoRV. (A) The presence of
a small germin-like gene family in barley is detected when a
probe comprising the 3'-UTR and part of GerB coding se-
quence (680 bp) is used for hybridization. (B) GerB and Gerl”
each appear to be single-copy genes when a 246-bp fragment
composing part of the GerB 3'-UTR was used as a probe.

and Golden Promise) were hybridized (supplemental
Figure 2 at http:/www.genetics.org/supplemental/).

The transcription start sites of GerB and Gerl” were
mapped to 15 bp upstream of the start of translation by
sequencing 5" RACE products. The deduced amino acid
sequences revealed that both proteins contain 226
amino acids and differ only in amino acid number
19 (R in GERB, W in GERF). A likely signal peptide
cleavage site was predicted to occur between amino
acids 23 and 24 for both proteins (Wu et al. 2000). This
agrees with the notion that GLPs might be associated
with cell walls, as in the case of wheat germin (LANE
1994). Interestingly, GERB and GERF mature peptides
are indistinguishable from each other since amino acid
19 is part of the signal peptide.

The level of replacement and synonymous site nucle-
otide divergence ratio (K,/K; = 0.00182/0.01409 =
0.129) indicates that this gene pair is likely undergoing
purifying selection. Confounding effects of gene con-
version events cannot be dismissed since GerB and Gerl’
are two closely linked loci (DRUKA et al. 2002). However,
high protein homogeneity has been maintained in this
barley gene family; K,/ K ratios between unlinked gene
family members are <0.3 for all pairs tested (supplemen-
tal Table 1 at http:/www.genetics.org/supplemental/),

which strongly indicates high function constraint of
protein evolution. This is not surprising; structural and
functional analyses revealed that barley and wheat
germins have enzymatic activity only as hexamers (LANE
et al. 1993; Woo et al. 2000).

Nucleotide sequence identity between these two
paralogs averages 94.8% over 2329 bp (Figure 2A).
Interestingly, 276 bp of proximal promoter have been
100% conserved in these two paralogs. The level of 5’
noncoding sequence conservation remains high up-
stream of this region but shows signs of divergence
(nucleotide substitutions, deletion, and insertions).
Exon I and II exhibit 98.3 and 99.6% sequence identity,
respectively. Intron and 3’ noncoding regions have
diverged faster than coding regions, exhibiting identi-
ties of 94 and 98%, respectively.

A 160-bp MITE occurs 1074 bp upstream of the start
of translation in GerB (Figure 2A). Analysis of its
sequence revealed the duplication of the dinucleotide
(TA) insertion site, the presence of 10-bp terminal
inverted repeats (TIRs) matching the consensus TIR
(5'-CTCCCTCCRT-3") of maize Stowaway MITEs (Figure
2B ) (WESSLER et al. 1995), and the potential to form
stable secondary structures. In Gerf; the target insertion
site (TA) is present but not duplicated, which suggests
that the insertion of this Stowawaylike MITE occurred
after the duplication event. Southern blot analysis
showed that this MITE belongs to a family present in
high copy numbers in barley (supplemental Figure 3 at
http://www.genetics.org/supplemental /).

Combined Ger B-F expression in vegetative and
reproductive organs: We determined the combined
GerB-F expression pattern during development, since
GerB and Gerl" are indistinguishable on RNA gel blots.
GerB-FmRNA occurred in roots, developing spikes, and
seeds, but no expression was observed in stems or leaves
of mature plants (Figure 3A). In spike tissues, GerB-I'
mRNA levels were high in the pericarp epidermis
(epicarp) and the pericarp/testa fraction (containing
the epicarp) but low in lemma/palea. Trace levels were
found in anthers. No expression was observed in ovary,
endosperm, rachis, or awns (Figure 3B). In 4-dpi seed-
lings, GerB-FFmRNA levels were high in coleoptiles and
low in roots (Figure 3C). Trace levels of expression in
seedling leaves are observed only after long exposure
times (not shown).

To determine developmental expression, 1- to 6-dpi
shoots, developing spikes, and developing pericarp/
testa were analyzed. GerB-FF expression steadily in-
creased after germination, during growth and elonga-
tion of the shoot (coleoptile plus primary leaf; Figure 3
D and G). Similarly, GerB-FF mRNA levels increased
during spike development; the highest expression
level was observed at stage 4, when spikes emerge
from the boot sheath (Figure 3 E and H). During seed
development, highest GerB-IF mRNA levels were ob-
served at the gelatinous stage (stage 3, Figure 3F). This
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stage precedes the beginning of epicarp desiccation
(Figure 3I).

cDNA-SSCP analysis reveals diverging expression
patterns of GerB and GerF genes: Due to the highly
conserved nature of GerBand GerFmRNA sequences, we
used SSCP analysis of RT-PCR products to characterize
their individual tissue-specific and developmental pat-
terns of expression. This analysis clearly distinguished
GerBfrom GerFtranscripts (Figure 4A) and revealed that
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even though the promoter sequences of these two
paralogs remain highly similar (Figure 2A), their
expression patterns have diverged both in a tissue-
specific and temporal manner. GerB and GerF are
expressed in seedling and spike tissues, but their relative
mRNA levels differ. GerB is more highly expressed in
coleoptiles and primary leaves, whereas Gerl”is mainly
expressed in roots (Figure 4B). GerB is expressed at
higher levels (73-89%) in developing shoots at 1-5 dpi.

& F1Gure 3.—RNA gel blot

AWN COL ROOT analysis of GerB-I' expres-
/P PLEAF sion in barley organs. Blots
. \  GerB-F were hybridized with the

GerB 3'-UTR probe and re-

hybridized with total RNA
probe. (A) GerB-F is ex-
pressed in roots, develop-

g 1DE‘£' 1;/T 4 ing spikes, and seeds but
' not in stems, vegetative

- ' Cazh-X (VLEAF), or flag leaves
(FLEAF). (B) GerBF ex-

LT T

pression in spike tissues.
GerB-F is highly expressed
in the epicarp (EPI) and
pericarp/testa (P/T). Low
expression was found in
lemma/palea (L/P) and
at trace levels in anthers
(ANT). No expression is as-
sociated with ovary (OV),
endosperm (END), embryo
(EMB), rachis (RAC), or
awn tissues. (C) In 4-dpi
seedling organs, GerB-F is

highly expressed in coleoptiles (COL) and at low levels in roots. (D) GerB-F expression in developing shoots (1-6 dpi). (E)
GerB-I' expression in developing spikes. Stages of development were as in H. (F) GerB-F expression in developing pericarp/testa
(P/T). Stages of seed development were as in I. (G) Stages of shoot development (1-6 dpi). (H) Stages of spike development were
as follows: (1) pre-lemma, (2) elongating, (3) awn extension, and (4) emerging from boot (SKADSEN et al. 2002). (I) Stages of seed

development are described in MATERIALS AND METHODS.
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PA, palea; LE, lemma. (F) Pericarp/testa at different seed developmental stages as in Figure 3I. Results from only one strand
are shown for simplicity (RT-PCR products were labeled on both strands).

At 6 dpi, however, when the combined GerB-F signal is
the highest in RNA gel blots (Figure 3D) both genes
contribute equally to the transcript pool (Figure 4C).

GerF predominates throughout barley spike develop-
ment (Figure 4D), accounting for 100% of the mRNA
levels observed in RNA gel blots (Figure 3E) during pre-
lemma (stage 1), 83% during elongating (stage 2), and
73% during awn extension (stage 3). Similarly to what
was observed in shoots of developing seedlings, GerB
and Gerl'contribute equally to the transcript pool (stage
4; Figure 4D) at the stage exhibiting the highest levels of
GerB-F mRNA (Figure 3E), spike emergence. Indepen-
dent sampling of lemmas and paleas (approximate
pollination) also showed equal contribution of GerB
and GerF'to the transcript pool (Figure 4E). In the com-
bined pericarp/testa fraction, Gerl" is preferentially
expressed in the middle stages of seed development,
elongating (stage 2), and gelatinous (stage 3; Figure
4F). Independent sampling of combined pericarp/testa
fraction at stage 3 (Figure 4E) also revealed preferential
expression of Gerl”

Ger B-F expression is upregulated under biotic stress:
Reinforcement of cell walls is a common plant defense
mechanism against fungal invasion (Acrios 1997). In
wheat spikes, formation of large papillae has been
observed after inoculation with F culmorum (KANG and
BucHENAUER 2000). In addition, accumulation of a
barley GLP (HvOxOLP) transcript correlates with papil-
lae formation in powdery mildew-infected leaves (WEr
et al. 1998). To test whether GerBand/or GerF'respond to
fungal infection, we inoculated detached spikes with I
graminearum (see MATERIALS AND METHODS).

Lemma GerB-FFmRNA levels in inoculated spikes in-
creased slightly 24 hr after infection (hai) but were
sixfold higher than controls by 48 hai (Figure 5, A and
B). In wheat spikes, F. graminearum inoculation caused
the upregulation of several defense response genes
including peroxidase, PR-1, PR-2, PR-3, PR-4, and PR-5
(PriTscH et al. 2000). Thus, the induction of PR-1

mRNA levels in lemmas of detached barley spikes after
F. graminearum inoculation served as a positive control
for host response to infection. PR-I mRNA levels were
clearly detectable in F. graminearum-inoculated spikes, 3-
fold higher than controls by 24 hai and 22-fold higher by
48 hai (Figure 5, A and B). cDNA-SSCP analysis showed
that GerF'is preferentially expressed in lemmas before
and after F graminearum inoculation (Figure 5C),
accounting for ~75% of the expression levels observed
in RNA gel blots (Figure 5A). Both genes respond
equally to infection, since their relative contribution to
the transcript pool did not change during infection.

Determination of active promoter sequence: Wu
et al. (2000) reported that B-glucuronidase expression
driven by the barley GerF'promoter occurs specifically in
the testa and epicarp of the developing seed, while
expression driven by the barley GerB promoter occurs
only in the testa. However, our data indicate that both
promoters should drive reporter gene expression not
only in the epicarp but also in coleoptile, lemma, palea,
and root tissues (Figures 3 and 4). As expected, both
full-length promoters drove gfp expression in coleop-
tiles (Figure 6A), epicarps (Figure 6B), and lemma/
palea of developing spikes (Figure 6C). No visible
differences were observed between equivalent GerB
and GerF promoters (dashed lines, Figure 7A).

Series of 5’ GerB and Gerl" promoter deletions were
constructed to locate regions conferring tissue specific-
ity and promoter strength (Figure 7A). The deletion
containing only 97 bp of a conserved proximal pro-
moter region (Figure 7, A and B) was sufficient to drive
gfp reporter gene expression in epicarps, coleoptiles,
and spikes (lemma/palea), but with greatly reduced
strength. This indicated that the —356/—97 GerFregion
was necessary for high promoter activity. When this
region was deleted, expression was greatly decreased in
spikes (Figure 6, C and D), lemmas (Figure 6, E and F),
and epicarps (data not shown). This decline suggests
that important cis-acting DNA elements must be located
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F1GUure 5.—DBiotic stress response in Fusarium graminearum-
inoculated barley spikes. (A) RNA gel blot analysis of com-
bined GerB and Gerl’ (GerB-I") expression levels in lemmas.
Detached spikes were either mock-inoculated (CON) or
inoculated with F graminearum (INF) for 24 or 48 hr. Blots
were rehybridized with a barley PR-1 cDNA probe (positive
control) and a barley 18S probe (loading control). (B) Fold
induction after I graminearum inoculation. Bars represent in-
duction levels observed for GerB-F (solid) and PR-1 (shaded)
in inoculated spikes relative to control spikes. GerB-F'and PR-1
signals (counts per minute) were normalized using the corre-
sponding counts per minute of 18S. Normalized signals for
inoculated spikes were divided by the normalized signals of
control spikes to obtain fold inductions. (C) c¢cDNA-SSCP
analysis of GerB and Gerl" expression in lemmas of mock-inoc-
ulated (CON) and E graminearum-inoculated (INF) spikes.
WC, no DNA template control; GerB and Gerl; plasmid con-
trols. Relative transcript levels (%) and corresponding stan-
dard deviations (s.d.) were determined by Instant Imager
analysis.

in this region. B-glucuronidase activity from the co-
bombarded pAHC25 vector (Ubi::uidA) served as an
internal control in all bombardments (Figure 6G).

Insertion of MITEs within genes can modify promoter
sequences (YANG et al. 2001; EL AMRANTI et al. 2002). In
addition, they are capable of generating an inverted
repeat hairpin loop, which makes them preferential
targets of the novo DNA methylation (BENDER 1998). No
visual differences in tissue specificity or gfp intensity
were observed between GerB promoters containing or
lacking the Stowawaylike MITE insertion, —1308/+15
and —986/+15, respectively (data not shown). Expres-
sion changes at the epigenetic level, however, cannot be
discarded in the native gene since transient particle
bombardment experiments are conducted using naked
DNA.

As expected, no gfp expression was observed in
mature leaves following bombardment with either GerB
(Figure 6H) or Gerl promoters. Expression of B-glucu-
ronidase demonstrated that leaves were competent to
express transgenes (Figure 6I). Expression was not
observed in any tissue following bombardments with a
promoterless gfp vector (data not shown). No transient
expression experiments were conducted on roots due to
their inherent green autofluorescence under blue light.

DISCUSSION

GerB and GerF are two highly conserved paralogous
genes: Differential display screening for genes that are
expressed in the pericarp epidermis (epicarp) of barley,
but not in leaves, detected a highly specific GLP-
encoding gene, GerB. Sequence and Southern blot
analyses (Figure 1) confirmed that GerB belongs to a
small gene family (Wu et al. 2000; DRUKA et al. 2002),
that GerFis its closest paralog, and that the duplication
event occurred before barley domestication (supplemen-
tal Figure 3 at http://www.genetics.org/supplemental/).
GerB and Gerl"genomic sequences are highly conserved
(Figure 2A) and encode apoplastic proteins that differ
only by one amino acid in the signal peptide. Thus,
GERB and GERF mature proteins are identical. The
rate of nucleotide synonymous substitution (K;) between
these two coding sequences is 0.01409, suggesting that
these duplicates originated recently (K; < 0.02) (MOORE
and PURUGGANAN 2003). This finding represented an
opportunity to evaluate the individual expression pat-
terns of recently duplicated paralogs in barley.

GerB and GerF exhibit overlapping redundancy and
early signs of subfunctionalization: The duplication—
degeneration—complementation model, or subfunc-
tionalization, suggests that a pair of paralogs accumu-
late degenerative yet complementary mutations that
fractionate the ancestral gene’s subfunctions (FORGE
et al., 1999). As a result, paralog expression patterns
diverge, yet they complement to reproduce the ances-
tral expression pattern of the single gene progenitor.
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Ficure 6.—Different GerB
and Gerl’ promoter dele-
tions drive transient gfp re-
porter expression in various
barley organs. All constructs
were co-bombarded with
Ubi::uidA expression vector,
pAHC25, as an internal con-
trol. (A) Coleoptile (1 dpi).
Expression is strong (+++)
under GerB (—1308/+15
bp) promoter. (B) Epicarp

A (gelatinous). Expression is

strong (+++) under Gerl’

(—=1156/+15 bp) promoter.

(C) Developing spike (elon-

gating stage). Expression is

strong (+++) under Gerl®

(—=1156/+15 bp) promoter.

LE, lemma. (D) Developing

spike (elongating stage). Ex-

pression is weak (+) under

the Gerl’ (—97/+15) pro-

moter. (E) Lemma (elongat-

ing stage). Expression is

. strong (+++) under Gerl’

— (—=3856/+15 bp) promoter.

—— (F) Lemma (elongating

stage). Expression is weak (+) under the GerF' (—97/+15) promoter, showing the effect of the —356/—97 fragment deletion.

(G) Ubiguitindriven uidA gene expression in lemma, same as in F. (H) No expression is detected in mature leaves under GerB
(—1308/+15 bp) promoter. (I) Ubiquitin-driven uidA gene expression in mature leaves.

Due to the highly conserved nature of GerB and GerF (Figure 4). Both paralogs continue to be expressed and
mRNAs, we characterized their individual tissue-specific exhibit overlapping redundancy and signs of early
and developmental patterns of expression using RNA subfunctionalization. GerB is predominantly expressed

gel blots (Figure 3) coupled with cDNA-SSCP analysis in coleoptiles and primary leaves (developing shoots

A
Stowaway-like
MITE Conserved
Proximal Prometer
nos
-1308 gfp

FIGURE 7.—GerB and GerF promoter dele-

—986— afp
i i tion series. (A) All constructs in the 5’

! GerF i i deletion series contained the 5'-UTR

71156— gfp - translationally fused to gfp followed by the
nos 3’ polyadenylation signal. The arrow-

E 998—: atp - head denotes the insertion of a Stowawaylike
i i MITE in GerB 5’ noncoding region (—1234/
_662— LR - —1074). The dashed line aligns GerB and
H H Gerl’ promoter sequences for comparison.
-356— azp - The dotted line indicates the proximal pro-

i Gergi moter region conserved in both paralogs.
= (B) Conserved proximal upstream promoter
.................... (276 bp) and 5'-UTR (15 bp) sequences. Pu-
............................ tative cisacting DNA elements are indicated
___________________________ by shaded boxes. The putative TATA box at
........................... position —31 is boxed. The start of transcrip-

B W-box (=) ABRE tion (+1) is underlined. The start of the
-276 ATGTCEETEARGACATGCTCAGETGTGATGT TAAT TACT TAGTGGAGAAGATATGTATTACTACGTTTTTAR —97/+15 deletion is denoted by an arrow.

AGAAGGAAACTTAAGAAGTTGGGCCATCAATTAAGTTCTAGCAGACAGCAGGGACTATTGCGATTGGTTGATAA

Sph/RY Sph/RY
GTTCCTTTCGTAGTAGTACTTGACTTGTTCTATTTGCTCACATGCAAGT TCATGCATATCACCACACTGTTGCT

TGCGCCAGCTCTGTCAATCTACGGCTATT TAAGCACACCCATCCATGCCTTCATTGACAAAGCAACTCACA +15
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1-5 dpi; Figure 4C), while GerF'is predominantly ex-
pressed in roots (Figure 4B), developing spikes (stages
1-3; Figure 4D), and pericarp/testa (Figure 4, E and F).

Apams et al. (2003) used cDNA-SSCP analysis to
follow the expression of homeologs of 40 different
genes in allotetraploid cotton, describing the occur-
rence of developmentally regulated, organ-specific re-
ciprocal gene silencing (one duplicate predominantly
expressed in one organ and its counterpart in another)
in several gene homeologs including one oxalate oxi-
dase gene (B5). They explained these changes in gene
expression invoking epigenetic mechanisms, probably
involving organ-specific chromatin states and position
effects (Apams et al. 2003; Liu and WENDEL 2003).
Similarly, our cDNA-SSCP analysis revealed that GerB
expression predominates over Gerl’ expression during
most of shoot development (Figure 4C), while the
opposite is true during spike development (Figure
4D). Interestingly, both GLP genes are expressed
equally at the final stage in both developmental series,
at which the highest GerB-FF expression levels were
observed in RNA gel blots (Figure 3, D and E; Figure
4, C and D). The reciprocal silencing of genes that
encode nearly identical proteins, as in the case of GerB
and Gerl'or B5 (Apawms et al. 2003), could be functionally
and selectively important for dosage effect reasons.
Dosage effects have been observed for many genes,
including key regulators of developmental processes,
in both diploid and polyploid species (reviewed by
OsBORN et al. 2003). Alternatively, they may only
represent two duplicated genes at an early and pro-
gressive stage of subfunctionalization.

GerB and GerF retain a conserved proximal pro-
moter: GerB and Gerl spatial, temporal, and inducible
patterns of expression make the promoters of these
genes potential candidates for targeting Fusarium head
blight resistance in barley. Analysis of GerB and GerF
genomic sequences (Figure 2A) revealed that these
paralogs retain an identical 276-bp 5’ proximal promoter
region (dotted line; Figure 6, A and B). Previously, we
showed thata 247-bp Ltp6 promoter sequence drove the
expression of gfp in transgenic barley plants, reproduc-
ing the expression pattern of the native Lip6 gene
(FEDERICO et al. 2005). This demonstrated that most of
the tissue-specific and developmental determinants
were present in the proximal promoter. Similarly,
several putative cissacting DNA elements located in GerB
and GerF proximal promoters (Figure 6B) may explain
the expression patterns exhibited by this pair of du-
plicated genes. Two Sph/RY-like elements (BAUMLEIN
et al. 1992) at positions —80 and —90, one ABA-
responsive element (ABRE; HATTORI et al. 2002) at
position —256, and a W-box (EULGEM et al. 1999) at
position —265 are found within the 276 bp of the
conserved proximal promoter region (Figure 6B).

Arabidopsis ABI3, which is orthologous to maize Vpl,
has been postulated to function as a general regulator

for the timing of developmental transitions throughout
the life cycle of plants (ROHDE et al. 2000). ABI3/Vpl
encodes a transcription factor capable of acting on at
least two distinct types of ciselements, ABRE and Sph/
RY. While its action on Sph/RY involves direct binding
to this element, its effect on ABREs is accomplished
indirectly via the interaction with other transcription
factors, such as TRAB1 and ABI5 (HoBo et al. 1999;
NAKAMURA et al. 2001). One ABRE in particular,
ACGTGTC, was found to be significantly enriched in
ABI3/VpI- and ABA-inducible gene promoters (SUZUKI
et al. 2003). Interestingly, the putative ABRE motif
located at position —256 has the same sequence (Figure
6B). If this motif is functional in GerB and GerI* pro-
moters, the decreased GerF’ promoter activity observed
after deleting the —356/—97 region (Figure 7, C-F)
could be the result of disrupting important protein—
protein interactions. These interactions might involve
transcription factors bound to this ABRE and the two
Sph/RY-like motifs (RY/ABRE complex) located at
positions —80 and —90 (Figure 6B).

GerB and GerF expression patterns are consistent
with proposed roles in cell wall modification during
plant development and defense: Germin isoforms are
discrete markers of wheat development and are associ-
ated with cell walls during seed germination and matu-
ration (THoMpPsoN and LANE 1980; LANE et al. 1992).
Their hydrogen peroxide (HyOg)-generating capacity
together with their mRNA accumulation patterns and
apoplastic location are consistent with a role in cell wall
extensibility, restriction of organ growth, and lignifica-
tion during plant development and defense (LANE 1994).
Cell wall modification during development (e.g., germi-
nation) or pathogen infection often requires the cross-
linking of cell wall polymers (CarpiTA and GIBEAUT 1993;
Dumas et al. 1995; LANE 1994, 2002). Germins might
mediate cell wall modifications by locally generating the
HyOy required for such reactions (LANE 1994).

Wu et al. (2000) located prominent oxalate oxidase
activity in root tips and root vascular tissues of barley
seedlings and in the epicarp and root primordia of
developing seeds but could not link this activity to GerB
or GerF’ using transient expression assays. In wheat,
oxalate oxidase activity has been localized to cell walls of
the coleoptiles in elongating shoots (CALISKAN and
CumMING 1998) and to cell walls of epicarps, lemma/
palea, and glumes in developing seeds (LANE 2000). In
this report, we have shown that both GerB and GerF are
expressed in roots, coleoptiles, epicarp, and lemma/
palea tissues (Figures 3 and 4). In addition, we have
shown that GerB and Gerl" promoters are capable of
driving the expression of a reporter gene in coleoptiles,
epicarps, and lemma/ palea (Figure 7, A-C). Thus, GerB
and Gerl" expression patterns correlate with the ob-
served oxalate oxidase activity in barley.

GerB and GerI” response to F. graminearum infection
suggests that these genes might provide the HyOs



188 M. L. Federico et al.

required for cell wall strengthening and/or signaling
under pathogen attack (Figure 5). The putative W-box,
TTGACC, present in GerB and Gerl’ conserved proxi-
mal promoter sequence (Figure 6B) could mediate
this pathogen response, as it has been shown in the
Pathogenesis-related Class 10 (PR-10) genes in parsley
(EULGEM et al. 1999).

GLPs can catalyze a variety of enzymatic reactions.
GLPs from tobacco (Nectarinl) and a moss (BuGLP)
are superoxide dismutases (SODs) (CARTER and
THORNBURG 2000; YAMAHARA et al. 1999); a GLP from
barley (HvGLPI) is an ADP-glucose pyrophosphatase/
phosphodiesterase (RODRIGUEZ-LOPEZ et al. 2001) and a
GLP from pear (PpABP20) is an auxin-binding protein
(Onmrva 2002). Interestingly, a protein sequence
comparison between GERB and GERF and a group of
germins and GLPs of known enzymatic activity relates
them to those exhibiting SOD activity (supplemental
Figure 4 at http:/www.genetics.org/supplemental/).
This activity, as in the case of the oxalate oxidases, could
also provide the HyOo required for cell wall cross-linking
during development and/or pathogen infection.

Retention of GerB and GerF expression after
duplication correlates with putative function: Loss is
the most likely fate of a duplicated gene (WALsH 1995;
LyncH and ConNNERY 2003). Fewer than 27% of A.
thaliana (BLANC et al. 2003) and 16% of Saccharomyces
cerevisiae (WONG et al. 2002) genes have been retained as
duplicates after evolution through polyploidization.
Retention has often been explained by functional
divergence occurring by either neo- or subfunctionali-
zation (FOrcE et al. 1999; BLanc and Worre 2004b).
GerB and Gerl” spatial and temporal divergence of
expression suggests that this pair of paralogs is likely
undergoing the early stages of subfunctionalization.
However, retention can also be explained by a selective
advantage acquired through the functionally redundant
activity of duplicated genes (OSBORN et al. 2003). Loss
and retention of duplicated genes has recently been
found to correlate with gene function (MOORE and
PURUGGANAN 2003; MAERE et al. 2005). We hypothesize
that GerB and Gerl have been retained as duplicates
in the barley genome because they play important roles
in plant development and defense. During develop-
ment, changes in the relative timing of events can re-
sult in extensive morphological changes (HUNTER and
PoeTHIG 2004). Events such as cessation of coleoptile
elongation and lignification of lemma, palea, and
epicarp need to occur at specific developmental stages.
Correct timing may be controlled in part by the RY/
ABRE complex present in the highly conserved proxi-
mal promoter region (Figure 6B). Thus, retention of
redundancy could have been selectively maintained due
to the fitness cost of developmental error (GU et al. 2003;
MOORE et al. 2005) . Additionally, functional retention of
these duplicated genes could be explained by the
selective advantage provided by increased levels of

gene product (FOrck et al. 1999; Gu et al. 2003; OSBORN
et al. 2003) during defense responses against pathogen
infection.
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