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Abstract Gibberella ear rot, caused by the fungal patho-
gen Fusarium graminearum Schwabe, is a serious disease of
maize (Zea mays L.) grown in northern climates. The
infected maize grain contains toxins that are very harmful to
livestock and humans. A maize gene that encodes a putative
267-amino acid guanylyl cyclase-like protein (ZmGC1) was
characterized and shown to be associated with resistance to
this disease. The putative ZmGC1 amino acid sequence is
53% identical and 65% similar to AtGC1, an Arabidopsis
guanylyl cyclase. The Zmgc1 coding sequence is nearly
identical in a Gibberella ear rot-resistant line (CO387) and a
susceptible line (CG62) but several nucleotide sequence
diVerences were observed in the UTRs and introns of the
two alleles. Using a 463 bp probe derived from the CG62
allele of Zmgc1 and a recombinant inbred (RI) mapping
population developed from a CG62 £ CO387 cross, six
Zmgc1 restriction fragment length polymorphism (RFLP)
fragments (ER1_1, ER1_2, ER1_3, ER1_4, ER1_5, and
ER5_1) were mapped on maize chromosomes 2, 3, 7, and 8.
Markers ER1_1 and ER5_1 on chromosomes 7 and 8,
respectively, were signiWcantly associated with Gibberella

ear rot resistance, each in three diVerent environments. The
amount of Zmgc1 transcript in ear tissues increased more
quickly and to a greater extent in the resistant genotype
compared to the susceptible genotype after inoculation with
F. graminearum. Zmgc1 is the Wrst guanylyl cyclase gene
characterized in maize and the Wrst gene found to be associ-
ated with Gibberella ear rot resistance in this plant.

Introduction

Fusarium graminearum Schwabe causes Gibberella ear rot
disease in maize (Zea mays L.) (Sutton 1982) as well as
head blight in wheat and barley (McMullen et al. 1997).
Gibberella ear rot is characterized by a reddish–white mold
that usually begins at the tip of the infected maize ear and
can grow to cover the entire ear (Sutton 1982). Infected
grain is contaminated with mycotoxins, such as deoxyni-
valenol (vomitoxin) and zearalenone (Molto et al. 1997;
Greenhalgh et al. 1983). Contaminated grain fed to live-
stock (especially swine) induces emesis characterized by
vomiting, feed refusal, and decreased weight gain (Chris-
tensen and Meronuck 1986). In addition, birth defects have
been observed in ruminants exposed to mycotoxins (Miro-
cha et al. 1976). Resistance to ear rot in maize is quantita-
tively inherited, speciWc to the mode of fungal entry (silk
channels or kernel wounds) and highly inXuenced by the
environment (Sutton 1982; Chungu et al. 1996; Ali et al.
2005). There are two types of resistance to Gibberella ear
rot identiWed in maize (Chungu et al. 1996; Reid et al.
1992). Silk resistance is considered to prevent the fungus
from invading through silk channel down to the kernels.
Kernel resistance blocks the spread of the fungus from ker-
nel to kernel when the pathogen bypasses silk channels or
overcomes silk resistance barriers (Chungu et al. 1996).
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Markers linked to disease resistance genes can poten-
tially be used for marker-assisted selection in breeding pro-
grams (Young 1999; Yousef and Juvik 2001). Many reports
describe tight linkages between molecular markers and
genetic loci aVecting simply inherited or quantitative traits
for maize and other cereals (e.g. Stuber et al. 1992; Tanks-
ley and Nelson 1996; Xiao et al. 1996). Pe et al. (1993)
identiWed several quantitative trait loci (QTL) for resistance
to stalk rot caused by F. graminearum in corn on chromo-
somes 1, 2, 4, 5, and 10. Dehydrodimers of ferulic acid in
maize grain pericarp and aleurone were found to be related
to resistance to Gibberella ear rot (Bily et al. 2003).

Recently, we identiWed several QTL for resistance to
Gibberella ear rot in maize using a mapping population of
recombinant inbred (RI) lines segregating for kernel and
silk resistance to F. graminearum infection (Ali et al.
2005). One of the markers used in our study, BC324-1400
(about 1200 bp), was identiWed by random ampliWed poly-
morphic DNA (RAPD) analysis and shown to be signiW-
cantly associated with kernel and silk resistance. The
fragment was cloned and sequenced and was found to con-
tain a sequence with homology to a guanylyl cyclase (EC
4.6.1.2) gene from Arabidopsis (data not shown).

Guanylyl cyclases (EC 4.6.1.2, also called guanylate
cyclases; GCs) catalyze the formation of guanosine 3�, 5�-
cycline monophosphate (cGMP) from guanosine 5�-tri-
phosphate (GTP). In animals, cGMP functions as a key
messenger in phototransduction, nitric oxide (NO) signal-
ing, and arterial natriuretic peptide signaling (Garbers and
Lowe 1994). In plants, cGMP is required for signal trans-
duction (Bowler et al. 1994), plant defense (Durner et al.
1998), and ion channel regulation (Dzeja et al. 1999). Ani-
mal GCs exist in soluble and transmembrane forms (Lucas
et al. 2000). Soluble GCs function as heterodimers (a and b
subunits) with one catalytic domain contributed by each of
the two subunits. They contain heme as a prosthetic group
and are the principal eVectors of the gaseous messenger NO
(Ludidi and Gehring 2003).

GCs are distributed across the animal kingdom (Hurley
1998; Schaap 2005). At least 29 GC genes have been iden-
tiWed in nematode (Caenorhabditis elegans) (Yu et al.
1997) while only a single plant GC has been functionally
identiWed to date (Ludidi and Gehring 2003). The Arabid-
opsis GC, called AtGC1 (AAM51559, Ludidi and Gehring
2003), was identiWed by searching the Arabidopsis prote-
ome with a motif based on conserved amino acids in the
catalytic centers of annotated GCs. AtGC1 also contains the
adjacent glycine-rich domain typical for GCs. However,
unlike animal GCs, the catalytic domain of AtGC1 is
located in the N-terminal portion. AtGC1 has the arginine
or lysine that is involved in hydrogen bonding with guanine
and the cysteine that confers substrate speciWcity for GTP
that are found in other GCs (Thompson and Garbers 1995).

Expression of AtGC1 in bacteria raised the cGMP concen-
tration 2.5 fold in a NO independent manner. The puriWed
recombinant AtGC1 demonstrated Mg2+-dependent GC
activity in vitro and had some adenylyl cyclase activity
when assayed with ATP as substrate in the absence of GTP.
Tests of in vitro catalytic activity showed that the recombi-
nant AtGC1 could function either as a monomer or homo-
oligomer (Ludidi and Gehring 2003).

NO, cGMP, and cADP are activators of phenylalanine
ammonia lyase (PAL) and pathogenesis related-1 (PR-1)
gene expression. PAL expression has been associated with
resistance to infection by fungal pathogens in many plant
species (Durner et al. 1998; McDowell and WoVenden
2003). Durner et al. (1998) demonstrated that cGMP func-
tions as a second messenger in the induction of PAL by
exogenous NO. Further, cGMP can stimulate the induction
of genes encoding chalcone synthase that are associated
with the formation of phenylpropanoid-derived pigments
and can initiate anthocyanin biosynthesis in soybean
(Bowler et al. 1994). Therefore, cGMP is associated with
the synthesis of phenylpropanoid products and defense
responses. In addition, reactive oxygen intermediates
induce hypersensitive cell death by raising cytosolic cal-
cium (Levine et al. 1996) and NO can reduce the threshold
for calcium signaling by modulating cGMP-gated ion chan-
nels (Berridge 1993). Tobacco pathogenesis related-protein
1 (PR1) has antifungal activities and is a biomarker of plant
response to pathogens (Durner et al. 1998; Ryals et al.
1996). In plants, cGMP is involved in modulating PR-1
gene expression (Bowler et al. 1994).

Our objective was to further characterize the molecular
basis of resistance to Gibberella ear rot disease in corn by
testing the cosegregation of sequences homologous to a
GC sequence found in the RAPD marker BC324-1400
with resistance and by comparing the accumulation of GC
messages in inoculated resistant and susceptible corn
lines.

Materials and methods

Plant materials

A F5 recombinant inbred (RI) population (n = 144) was
derived by single seed descent from a cross between the
inbred lines, CG62 and CO387 (Ali et al. 2005). CG62 was
developed at the University of Guelph from Pioneer 3902
(Lee et al. 2001) and is susceptible to F. graminearum after
silk or kernel inoculation (Ali et al. 2005). CO387, devel-
oped at Agriculture and Agri-Food Canada (AAFC,
Ottawa, ON, Canada), has resistance to Gibberella ear rot
following silk or kernel inoculation (Reid et al. 1994; Reid
and Hamilton 1996). This F5 population was previously
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genotyped with 162 molecular markers and phenotyped for
Gibberella ear rot disease in four environments, resulting in
the identiWcation of 18 QTL for resistance to F. graminea-
rum (Ali et al. 2005).

Nucleic acid isolation and F. graminearum inoculation

Genomic DNA samples for cloning the Zmgc1 gene and
gene mapping were obtained from young leaves of the two
parental inbred lines (CG62 and CO387) and 144 RI lines
(F5 generation). The leaves were harvested from Weld
grown plants, freeze–dried, and ground to Wne powder.
DNA was extracted from the powdered leaf material using
the cetyltrimethyl ammonium bromide (CTAB) method
(Hoisington et al. 1994).

To collect RNA samples, seeds of the parental lines were
germinated in trays (30 £ 30 £ 5 cm) containing commer-
cial soil mixture (Terra-lite Redi-earth, WR Grace & Co,
Canada Ltd, Ajax, ON, Canada). Seedlings were trans-
ferred to pots containing Turface quick-dry® (Hobbs &
Hopkins Ltd, OR, USA) and maintained in a greenhouse at
25/20°C (day/night) with a 16 h light (800 microeinsteins/
m2/s) and 8 h dark photoperiod. Twenty-six plants per
genotype were arranged following a completely random-
ized design and ears on each plant were inoculated with F.
graminearum microconidia as described below. Ear sam-
ples from each inbred were obtained at 0, 1, 4, 24, 48, 120,
and 240 h after inoculation. The sampling was repeated
three times for each genotype. The plant tissues were
immediately frozen in liquid nitrogen and kept at ¡80°C.
Total RNA was isolated using the RNeasy plant mini kit
(Qiagen, Mississauga, ON, Canada) in combination with
DNase treatment using the RNase-free DNase kit (Qiagen
GmbH, Hilden, Germany) according to the manufacturer’s
instruction.

All isolates were obtained from the Ridgetown College,
University of Guelph and were previously isolated from
naturally infected maize ears. A microconidial suspension
of F. graminearum in this study was prepared as described
(Reid and Hamilton 1996). Isolates were cultured on potato
dextrose agar medium (PDA, Difco, Detroit, MI, USA).
Plates were incubated at 25°C under continuous Xuorescent
light (900 microeinsteins/m2/s) and conidia were harvested
from eight to 10-day-old cultures by Xooding the plates
with sterile distilled water. The density of the inoculum was
adjusted to 2.5 £ 105 conidia ml¡1 with sterile distilled
water. Each plant was inoculated by injecting 2 ml of the
conidial suspension into the silk channel of the primary ear
using a syringe with an 18 gauge needle. After inoculation,
plants were placed in a greenhouse with a 16 h light
(800 microeinsteins/m2/s) and 8 h dark photoperiod at 25/
20°C (day/night). Humid conditions were maintained by
misting twice a day for 4 weeks.

RAPD, genome walking, RACE, and sequence analyses

In order to clone the BC324-1400 fragment, which was sig-
niWcantly associated with the ear rot resistance in maize
(Ali et al. 2005), the RAPD primer BC324 (5�-ACA-
GGGAACG-3�) was used for the initial ampliWcation of
genomic DNA as described in Ali et al. (2005). A 1200-bp
fragment was ampliWed from CG62 genomic DNA in 20 �l
PCR containing 30 ng template DNA, PCR buVer (1X),
0.5 U of Taq polymerase (Invitrogen, Burlington, ON, Can-
ada), 2 mM MgCl2, 0.2 mM each of dATP, dCTP, dTTP
and dGTP, and 15 ng of the RAPD primer. AmpliWcations
were performed in a DNA Thermo-cycler (MJ Research
Inc, Scarborough, ON, Canada) programmed for 41 cycles
of 1 min at 94, 36 and 72°C. Following ampliWcation, the
samples were electrophoresed through 0.8% agarose gels,
stained with 0.5 �g/ml ethidium bromide and visualized
under UV light. The DNA fragment was puriWed with a
Qiagen gel puriWcation kit (Qiagen, Mississauga, ON, Can-
ada), cloned using an Invitrogen TOPO TA cloning kit
(Invitrogen, Burlington, ON, Canada), and introduced into
Escherichia coli One-Shot competent cells according to the
manufacturer’s instructions (Invitrogen, Burlington, ON,
Canada). Several clones were picked and plasmid DNA
was isolated with a Qiagen Miniprep Kit (Qiagen, Missis-
sauga, ON, Canada). The cloned fragments were sequenced
with a CEQ2000 sequencer (Beckman-Coulter, Fullerton,
CA, USA) after labeling with a DTCS Quick Start sequenc-
ing kit (Beckman-Coulter, Fullerton, CA, USA).

A number of additional primers used for the following
experiments were synthesized by Sigma-Aldrich (Sigma-
Aldrich, Mississauga, ON, USA) and Laboratory Services
at University of Guelph (Guelph, ON, Canada). The univer-
sal GenomeWalker™ kit (BD Biosciences, Palo Alto, CA,
USA) was used to obtain sequences adjacent to the cloned
RAPD fragment. Several genomic DNA libraries were con-
structed by digesting with four diVerent restriction enzymes
(in 100 �l reactions containing 3 �g of genomic DNA, 80
units of restriction enzyme and 1X restriction buVer) and
adaptors were ligated to the ends of the fragments accord-
ing to manufacturer’s instructions. Several GC rich gene
speciWc primers (26–30 bp) were designed for genome
walking in both directions based on sequence information
from the BC324-1400. The outer adaptor primer (AP1) pro-
vided in the kit, a gene-speciWc primer GSP1 (5�-GG
ATTTCCGGGCCTCGTCCAAGCTCTTCA-3�) and DNA
of each of the libraries were used for the primary PCR reac-
tion. The primary PCR product was used as template for a
secondary PCR with the nested adaptor primer (AP2) and a
nested gene-speciWc primer (GSP2, 5�-AGCGGCAGCA
AAAGGCTCTGCTGACCTTG-3�). A single, major PCR
product from at least one of the four libraries was gel puri-
Wed using a gel puriWcation kit (Invitrogen, Burlington, ON,
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Canada), cloned using the TOPO TA cloning kit (Invitro-
gen, Burlington, ON, Canada) and sequenced as described
above. Each of the DNA fragments began in a known
sequence, corresponding to GSP2, and extended into the
unknown adjacent genomic DNA. The new sequence infor-
mation was used to design new gene speciWc primers for
further genome walking.

In order to clone and sequence the 3�- and 5�- ends of the
Zmgc1 gene transcript, a rapid ampliWcation of cDNA end
(RACE) procedure was performed as detailed in the
instructions for the SMART™ RACE cDNA ampliWcation
kit (BD Biosciences, San Jose , CA, USA). The primers for
RACE were derived from a consensus sequence between
the sequence from genome walking and a homologous
cDNA in GenBank (AY110155.1). The gene-speciWc prim-
ers used for 5�-RACE and 3�-RACE were 5�-ATTTG
CGGGCCTCGTCCAAGCTCTTCA-3 and 5�-ACAACA
GCACAACGATGAGCCTGACTAC-3�, respectively. The
PCR mixture of 25 �l contained: 2.0 �l of template 3�-end
or 5�-end cDNA, 2.5 �l universal primer A mix, 2.5 �l
10 �M GSP, and 18 �l master mix which contained
14.5 �l PCR-grade water, 2.5 �l 10X BD Advantage PCR
buVer, 0.5 �l dNTP mix (10 mM), and 0.5 �l 50X BD
advantage 2 polymerase mix. AmpliWcations were per-
formed in a thermo-cycler programmed for 30 cycles of
30 s at 94°C, 30 s at 68°C and 3 min at 72°C. Following
ampliWcation, the samples were subjected to electrophore-
sis in 0.8% agarose gels, stained with 0.5 �g/ml ethidium
bromide, and visualized under UV light. The DNA frag-
ment was gel puriWed, cloned and sequenced as described
above.

The full-length Zmgc1 sequence was determined by
piecing together the sequences of the RAPD fragment, the
RACE products, expressed sequence tags in GenBank
(CO531826 and AY110155.1), and the genome walking
fragments with CAP3 (Huang and Madan 1999) and
Sequencher (Version 4.05, Gene Codes Corporation, Ann
Arbor, MI, USA) programs. Primers Zmgc1-F 5�-GTGTC-
CACCGCGCTCGCCCCCTGCT -3, and Zmgc1-R 5�-
AGAGGAGCATGATTTTAATTTTA-3� were used to
obtain fragments encompassing the complete open reading
frame of the Zmgc1 gene from genomic DNA and cDNAs.
The PCR mixtures used to clone the entire gene contained:
10–20 ng template, 0.4 �M each primer, 1X PCR buVer,
2 mM MgSO4, 0.2 mM dNTP and 1 unit high Wdelity plati-
num Taq (Invitrogen, Burlington, ON, Canada). The reac-
tions were performed under the following conditions: initial
denaturation at 94°C for 3 min, 35 cycles with denaturation
at 94°C for 30 s, annealing at 55–65°C for 45 s, extension
at 68°C for 2–3 min when cDNA as template and for 3–
6 min when genomic DNA as template, and Wnal hold at
4°C. PCR products were puriWed, cloned and sequenced as
described above.

Sequence similarity searches were performed using the
basic local alignment search tool (BLAST) with default set-
tings (http://www.ncbi.nlm.nih.gov/BLAST). Sequence
alignments and phylogenetic analyses were performed by
using Clustal W (Thompson et al. 1994) for nucleotide and
Clustal X (Thompson et al. 1997) for amino acid with
default settings at the web site of the European Bioinfor-
matics Institute (http://www.ebi.ac.uk/clustalw). BOX-
SHADE (http://www.ch.embnet.org) was used to draw the
alignments.

RFLP analysis

Genomic DNA samples (20 �g) from lines of the segregat-
ing population were digested with restriction enzymes (30
units of EcoRI or EcoRV), and fractionated by electropho-
resis on 0.8% agarose gels. The gels were stained with ethi-
dium bromide, visualized under UV light and the DNA was
transferred onto nylon membranes (Hybond-N+, Amer-
sham, Oakville, ON, Canada) using protocols recom-
mended by the manufacturer (Boehringer Mannheim,
Mannheim, Germany). The forward primer (RFLP-F 5�-
GTTGTACATGTCCCTCCATGTA-3�) of the RFLP probe
was designed to include the repeated sequence in the 3�-
UTR region of the Zmgc1 gene of the parental line CG62.
The forward primer and the reverse primer (RFLP-R 5�-
TGGCAGAAGCGACCTTGAATG-3�) ampliWed a 463 bp
genotype-speciWc fragment from the CG62 that was used as
a RFLP probe for the hybridization.

The RFLP probe was labeled with Digoxigenin-11-
dUTP using a PCR DIG labeling kit according to the manu-
facturer’s recommendation (Roche Diagnostics GmbH,
Mannheim, Germany). The membranes were pre-hybrid-
ized overnight at 37–42°C in DIG Easy Hyb solution and
hybridized in DIG Easy Hyb solution containing the geno-
type-speciWc probe for at least 24 h at 37–42°C according
to the instructions of manufacturer (Boehringer Mannheim,
Mannheim, Germany). After several washings with 2X
SSC at room temperature and 0.5X SSC at 56°C, the
hybridization pattern was visualized by chemiluminescence
(Roche Diagnostics, Laval, PQ, Canada) and recorded on
X-ray Wlm (Kodak Inc, Rochester, NY, USA).

Evaluation of the mapping population and statistical 
analyses

The parental lines (CG62 and CO387) and 144 lines of the
RI population derived from them were previously evaluated
for silk and kernel resistance to Gibberella ear rot disease in
Weld trials (Ali et al. 2005). Inbred parental lines were also
tested separately for silk and kernel resistance as described
by Reid et al. (1996). The experiment was conducted using
a randomized complete block design with two replications.
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Each block contained all inbred lines, and each line was
planted in two rows of 15 plants. All the plants in each
paired row were inoculated with a suspension of F. grami-
nearum macroconidia. The population mean was compared
with the midparental value for both silk and kernel resis-
tance scores (Table 1). Inoculation and scoring of disease
severity for Weld grown plants were performed as described
by Ali et al. (2005). The Weld tests were performed at
Ottawa (F4, F6 and F7) in 1999, 2000 and 2001, respec-
tively, and at Tavistock, Ontario (F7) in 2001.

The genetic linkage map was previously constructed
using scores for polymorphic RAPD, RFLP, simple
sequence repeat (SSR) and sequence-characterized ampli-
Wed region (SCAR) markers for the individuals from the
CG62 £ CO387 RI population using MAPMAKER/EXP
version 3.0b (Lander et al. 1987) with the Kosambi map-
ping function (Kosambi 1944). Linkage groups were identi-
Wed using the “Group” command with a LOD score of 4.0–
6.0 and a recombination fraction of 0.4 (Ali et al. 2005).
The new guanylyl cyclase derived RFLP markers were
added to existing linkage groups with the “Try” command.
The guanylyl cyclase RFLP markers were evaluated indi-
vidually by �2 analyses for goodness of Wt against a 1:1 seg-
regation ratio at a 0.01 probability level. To determine the
locations of the QTL on the map and estimate their pheno-
typic eVects, composite interval mapping (CIM) was per-
formed using QTL Cartographer V2.5 (Wang et al. 2006).
Single marker by trait data associations were carried out
using PROC GLM (V8.2, SAS Institute, Cary, NC, USA).

Real time PCR quantiWcation

To study Zmgc1 gene expression, quantitative real-time
PCR was performed using cDNA synthesized from RNA
samples from silk tissues of CG62 and CO387 infected
with F. graminearum. A Ribogreen RNA quantitation kit
(Molecular Probes, Eugene, OR, USA) and a Wallace Vic-
tor microplate reader (Perkin-Elmer Life Sciences, St Lau-
rent, PQ, Canada) with the lamp Wlter F485 and the
emission Wlter F530 were used to quantify the RNA.
Reverse transcription was carried out with 1 �g of total
RNA with the Retroscript kit at 50°C for one hour and
92°C for 5 min, following manufacturer’s instruction
(Ambion, Austin, TX, USA). The analysis was performed
with an iCycler (Bio-Rad Laboratories, Mississauga, ON,
Canada) equipped with a Real-time Optical Module and a
SYBR Green Supermix kit (Bio-Rad, Hercules, CA, USA).
Real-time PCR primers (Realtime-F 5�-ACAACAGCAC
AACGATGAGCCTGACTAC-3� and Realtime-R 5�-ATT-
TGCGGGCCTCGTCCAAGCTCTTCATTG-3�) were based
on exon 6 and exon 8 sequences, respectively, of the Zmgc1
gene. The realtime PCR product, approximately 150 bp in
length, was cloned using a TOPO TA cloning kit (Invitro-
gen, Burlington, ON, Canada) and introduced into E. coli
One-Shot competent cells according to the manufacturer’s
instructions (Invitrogen, Burlington, ON, Canada). After
overnight incubation, plasmid DNA was isolated with a
Qiagen Miniprep Kit (Qiagen, Mississauga, ON, Canada)
and was linearized by digestion with HindIII (New England
Biolabs, Beverly, MA, USA). The linearized plasmid DNA
standards and Low DNA Mass Ladder (Invitrogen, Bur-
lington, ON, Canada) were run in a 0.8% agarose gel
stained with ethidium bromide. Densitometry was per-
formed using FluorChem™ (Alpha Innotech Corporation,
San Leandro, CA, USA) to quantify the linear plasmid stan-
dard and it was used to prepare a dilution series
(2.5 £ 107—2.5 copies) for generating a standard curve by
real time PCR. The Wnal 20 �l real time PCR reaction mix-
ture contained 2 �l of plasmid or cDNA sample, 4 nm prim-
ers and 10 �l 2X SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA). Real-time PCR was performed using
a program consisting of: 1 cycle of 95°C for 3 min, fol-
lowed by 40–50 cycles of 95°C for 15 s, 65°C for 15 s and
72°C for 30 s. Gene copy number was calculated using a
standard curve method with regression equations generated
by iCyclerIQ™ the on the iCycler. The internal standard
used to normalize the results was a fragment ampliWed with
primers derived from the maize 18S rRNA (F: 5�-TAGTT
AGCAGGCTGAGGTCTCG;-3�; R: 5�-CTTACCAGGTC
CAGACATAGC-3�). To distinguish non-speciWc ampliW-
cation from target amplicons, melting curve analyses were
performed in which the samples were heated from 50 to
95°C at a heating rate of 0.5°C/s. All three biological

Table 1 Mean values of disease severity scoresa for CO387 (resis-
tant), CG62 (susceptible) and 144 RI lines derived from the
CG62 £ CO387 cross and parents for following inoculation through
silk channels and kernel wounds tested in four environments

a Visual evaluations of disease severity were made using a rating scale
from 1 to 7, where 1 = no visual signs of infection, 2 = 1–3%, 3 = 4–
10%, 4 = 11–25%, 5 = 26–50%, 6 = 51–75% and 7 = 76–100% of the
ear infected (Reid et al. 1996)

Environment Line Inoculation method

Silk Kernel

Ottawa 1999 RI 2.9 § 0.9 3.7 § 0.9

CG62 (P1) 5.6 5.3

CO387 (P2) 2.8 2.1

Ottawa 2000 RI 3.2 § 1.0 4.1 § 1.0

CG62 (P1) 3.7 5.8

CO387 (P2) 2.8 2.3

Ottawa 2001 RI 3.2 § 0.9 4.3 § 1.2

CG62 (P1) 3.9 6.2

CO387 (P2) 1.9 2.6

Tavistock 2001 RI 3.4 § 1.4 4.2 § 1.2

CG62 (P1) 4.5 5.5

CO387 (P2) 1.7 2.8
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samples for each time interval per genotype were run in
triplicate, including samples for the standard curve and no
template controls. Results were analyzed using the PROC
GLM procedure of SAS after log transformation of the val-
ues. The model was a 2-way factorial with treatment and
time as the main factors.

Results

Genomic structure of Zmgc1 gene

Using the RAPD primer BC324, a 1,200 bp fragment
(BC324-1400) was ampliWed from genomic DNA of the
susceptible cultivar CG62. This band did not amplify from
genomic DNA of the resistant cultivar CO387 (data not
shown). BC324-1400 segregated in a 1:1 ratio in the RI
population derived from these parental lines (�2 = 0.704).
The fragment was cloned and sequenced to a develop
SCAR marker which, in turn, revealed a 463 bp long
sequence with homology to a guanylyl cyclase (EC 4.6.1.2)
gene from Arabidopsis (data not shown). To characterize
more of the DNA around this putative open reading frame
(ORF), 6 kb of genomic DNA was cloned downstream and
upstream of the RAPD fragment in several steps of genome
walking with genomic DNA from CO387 (Fig. 1a).

The ORF of the Zmgc1 gene (GenBank accession num-
ber: DQ372067) was determined by piecing together DNA
sequences for the RACE products, the genome walking
fragments, and EST fragments (AY110155 and CO531826)
(Fig. 1b) using CAP3 (Huang and Madan 1999) and ORF
Finder programs (http://www.ncbi.nlm.nih.gov/gorf). The
complete and expressed Zmgc1 gene sequences (including
3�- and 5�-UTR regions) were obtained by amplifying
cDNA and genomic DNA, respectively, from CO387 and
CG62 (Fig. 1a, b). The genomic DNA clones are approxi-
mately 3.3 kb in size. The cDNA clones are 1.3 kb and con-
tain an ORF for a predicted protein of 267 amino acids
(Fig. 2). The region upstream of the gene coding sequence
is GC-rich and appears to be a TATA-less promoter (Smale
1997).

The Zmgc1 ORF in the genomic clones consists of nine
exons interrupted by eight introns that are evenly distrib-
uted throughout the gene. Exon sizes range from 60 to
131 bp while the intron sizes range from 78 to 504 bp
(Fig. 1c). The gene sequences at the exon/intron junctions
share consensus splice signals such that all the introns
begin with a 5�-GT sequence and end with a 3�-AG
sequence (Blumenthal and Stewart 1997). Several sequence
diVerences were observed in the UTRs and introns between
the CG62 and CO387. In particular, the CG62 allele has a
57-bp sequence in the C-terminal part of the ORF that is
repeated in the 3�-UTR (Fig. 3a). The Zmgc1 ORFs in the

cDNAs from the two cultivars are identical except for three
conservative base changes: C (CG62) to T (CO387) in exon
3, A (CG62) to C (CO387) in exon 8, and G (CG62) to A
(CO387) in exon 9 (Fig. 2). By using a PCR primer that
spans the junction between the repeated regions in the 3�-
UTR of the CG62-Zmgc1 gene it was possible to amplify
the gene speciWcally from this parental genotype and from
RI lines that contained the repeat (Fig. 3b). However, the
segregation ratio for this SCAR (GC324, Fig. 3) in the RI
population was skewed toward the CG62 allele (approxi-
mately 3:1 ratio).

Comparison with other GCs

The intron/exon organization of Zmgc1-CG62 and Zmgc1-
CO387 is very similar to the Arabidopsis Atgc1. Exons 3, 4,
5, 7, and 8 are identical in size in these two species
(Fig. 1c), suggesting a high level of conservation in the
coding region for this gene across plant families.

The putative ZmGC1 protein is 53% identical and 65%
similar to the Arabidopsis AtGC1 (GenBank accession
number AAM51559). The putative ZmGC1 protein con-
tains a glycine-rich domain in the N-terminal end of the cat-
alytic center (Fig. 4). The glycine-rich domain can be
described as G-X(2,3)-G-X(2,3)-G. ZmGC1 also possesses
the conserved arginine that is thought to be involved in
hydrogen bonding with guanine and a putative PPi-binding
arginine in its N-terminal end (Ludidi and Gehring 2003).
However, the catalytic center of the putative ZmGC1 pro-
tein has nine fewer amino acids compared to the Arabidop-
sis protein (Fig. 4). Similar to AtGC1, the putative ZmGC1
protein does not have any other typical domains of animal
GCs, such as the dimerization domain, kinase-homology
domain, transmembrane domain, ligand-binding domain
and the heme-binding domain that interacts with NO mole-
cules (Lucas et al. 2000).

Clustal analysis of the deduced ZmGC1 amino acid
sequence with the GC sequences that were used by Ludidi
and Gehring (2003) to identify the Arabidopsis GC
showed that the two plant sequences are distinct from the
rest of the GCs (Fig. 5). The GC from the cyanobacterium
Synechocystis sp., a photoautotrophic, gram-negative,
photosynthetic eubacterium (Williams 1988) was the
closest to the plant GCs. Human (Homo sapiens) and frog
(Xenopus laevis) GCs were the least similar to ZmGC1
(Fig. 5).

Genetic mapping and association of Zmgc1 with Gibberella 
ear rot resistance

Southern blots of genomic DNA probed with a portion of
the Zmgc1 gene that corresponds to most of the original
BC324-1400 RAPD fragment revealed multiple bands
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Fig. 1 Cloning of the maize guanylyl cyclase (Zmgc1) and compari-
son of Zmgc1 alleles to Arabidopsis Atgc1. a Genome walking steps
used to clone the full length Zmgc1 gene. The primers GSP1 and GSP2
were designed on the basis of the BC324-1400 sequence. After four
walking steps using adaptor primer (AP) and gene speciWc primers
(GSP1 GSP2, GSP3 and GSP4) a total of 6.2 kb of genomic sequence
was obtained from genotype CO387. ORF fragments were ampliWed from
CG62 (3380 bp) and CO387 (3315 bp) based on primers ZMGC1-F
5�-GTGTCCACCGCGCTCGCCCCCTGCT-3, and Zmgc1-R 5�-AGA

GGAGCATGATTTTAATTTTA-3�. The RFLP probe was ampliWed
using primers RFLP-F and RFLP-R. b RACE and EST (CO531826
and CO531698) fragments used to assemble a full length Zmgc1 ORF.
c Comparison of genomic structure of Zmgc1-CO387 and Zmgc1-
CG62 with Atgc1. The mRNA sequence (NM_120675) that was iden-
tical to Atgc1 cDNA and At5g05930 was used to construct the genomic
structure of Atgc1. Horizontal lines with numbers indicate introns
while black boxes with numbers denote exons. Sequences upstream
and downstream of the genes are shown with hatched boxes
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(Fig. 6a, b), suggesting that GCs exist as a multigene family
in maize. The RAPD marker was previously mapped to
linkage group 7 using the population of 144 RI lines
derived from CG62 and CO387 (Ali et al. 2005). Six poly-
morphic Zmgc1 markers were identiWed following diges-
tion of the same RI population with EcoRI (ER1_1 to
ER1_5) and EcoRV (ER5_1) (Fig. 6a, b). ER1_1 was
mapped to the same position as the BC324-1400 marker,
which was originally associated with resistance, on linkage
group 7 (Ali et al. 2005). This marker (ER1_1) is located
between BC324_1400 and umc2332 at a distance of 6 cm
from BC324_1400 and 14 cm from umc2332 (Fig. 7).

ER1_2 and ER1_4 mapped to chromosome 3 and Xanked a
QTL for kernel resistance. ER5_1 mapped to linkage group
8 which did not contain resistance QTL in the previous
study (Ali et al. 2005).

The mean disease severity scores for CO387 were 2.3
and 2.4 following silk or kernel inoculation, respectively,
while CG62 had silk and kernel scores of 4.4 and 5.7,
respectively (Table 1; Ali et al. 2005). Zmgc1 markers,
ER1_1 and ER5_1 were signiWcantly associated with the F.
graminearum resistance (Table 2; Fig. 7) by single marker
analysis with the PROC GLM analysis of SAS. ER1_1 was
signiWcantly (P < 0.05) associated with the resistance in

Fig. 2 Comparison of the ORFs 
of Zmgc1 CG62 and CO387. 
The amino acid coding sequence 
is shown by the one-letter code. 
The nucleotide diVerences in ex-
ons 3, 8, and 9 are boxed. The 
positions of the primers (Real-
time-F and Realtime-R) for real-
time PCR are marked by black 
arrows. The intro-exon bound-
aries are indicated by black bars
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more than one environment (Ottawa 1999, Ottawa 2000,
Tavistock 2001). Resistance was associated with the allele
from CO387 in all cases. A QTL that mapped to the inter-
val ER1_1-umc1407 was detected by composite interval
mapping (QTL Cartographer) in two environments and
contributed to silk resistance (Ottawa 1999 silk, Tavistock
2001 silk). It accounted for 15.5% of the Tavistock 2001
test variation (silk resistance) with a LOD score of 4.02 and

10.3% of the Ottawa 1999 test variation (silk resistance)
with a LOD score 3.03 (Table 2).

ER5_1 was positioned on linkage group 8, 21 cm from
molecular marker umc1032 (Fig. 7). Single marker analy-
sis, showed that ER5_1 was signiWcantly (P < 0.05) associ-
ated with kernel resistance in more than one environment
(Ottawa 1999, Ottawa 2000, Tavistock 2001), that the resis-
tant allele was derived from CO387 and it explained

Fig. 3 The 3�-nucleotide se-
quence alignment of the maize 
Zmgc1 gene from CG62 and 
CO387. a RAPD primer BC324 
(5�-ACAGGGAACG-3�) and 
RFLP (RFLP-F 5�-GTTGTA-
CATGTCCCTCCATGTA-3�; 
RFLP-R 5�-TGGCAGAAGC-
GACCTTGAATG-3�) are indi-
cated by the black arrows. The 
Wrst copy of the 57 bp repeated 
sequence in CG62 is underlined. 
The second copy is italicized. b 
SCAR marker GC324 This 
marker ampliWed only from the 
CG62 parent and RI lines con-
taining the 57 bp repeat se-
quence using primers SCAR-F 
(5�-GTTGTACATGTCCCT
CCATGTA-3�) and SCAR-R 
(5�-TGGCAGAAGCGACC
TTGAATG-3�)
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between 7.3 and 12.2% of the phenotypic variation. How-
ever, composite interval mapping did not detect any resis-
tance QTL in this region.

Single marker analyses with RFLP markers ER1_2 and
ER1_4 showed that they were not signiWcantly associated
with the resistance. However, the molecular marker
phi37411 that is located between ER1_2 and ER1_4 was
signiWcantly associated with disease resistance (P = 0.04,
R2 = 4.4). The QTL in the interval ER1_2-phi374118 had a
peak LOD score of 2.2 and accounted for 13% of the kernel
resistance variation in the Ottawa 2001 test (Fig. 7, Ali
et al. 2005).

With marginal linkage, RFLP markers ER1_3 and
ER1_5 were mapped to linkage group 8 and linkage group
2, respectively. However, more markers are needed to satu-
rate the neighboring regions. Neither was associated with
resistance to F. graminearum infection (data not shown).

Zmgc1 gene expression

Zmgc1 transcripts were detected by RT-PCR in the several
tissues including leaf, silk, and root (data not shown) sug-
gesting that the gene was constitutively expressed in maize.
Quantitative real-time PCR was employed to evaluate
Zmgc1 transcript levels in ear tissue samples harvested at
diVerent times (0–240 h after F. graminearum inoculation.
The normalized Zmgc1 to 18S rRNA transcript ratio was
higher in the resistant (CO387) tissue than in the tissue of
the susceptible genotype (CG62) both before and after the
pathogen inoculation. (Fig. 8). The SAS GLM analysis
indicated that the overall diVerences between genotypes
were signiWcant (P = 0.005) and the changes over time
were also statistically signiWcant (P = 0.0001;
genotype £ time interactions were not statistically signiW-
cant). The Zmgc1 relative transcript abundance in CO387
increased almost sevenfold at 24 h after inoculation com-
pared to its 1 h level and then gradually declined. The tran-
script level in CG62 reached its peak 48 h after inoculation.
Ten days after inoculating with the pathogen, Zmgc1 tran-
scripts levels were signiWcantly lower in both genotypes. In
particular, very few transcript copies were detected in the
susceptible genotype (CG62) compared to the resistant
genotype (CO387) because of the extensive necrosis in the
silk tissue of the former.

Discussion

To the best of our knowledge, this is the Wrst report of a
guanylyl cyclase-like gene in Z. mays. The similarity of the

Fig. 4 Alignment of the de-
duced amino acid of Zmgc1 with 
AtGC1 (A. thaliana, 
AAM51559). The postulated 
catalytic domains of the gua-
nylyl cyclases are boxed. The 
postulated PPi-binding arginine 
(R) residues and conserved gly-
cines (G) are marked with black 
arrows

Fig. 5 Clustering analysis of guanylyl cyclases. Amino acid sequenc-
es of GCs and putative amino acid sequence of ZmGC1 were aligned
with the Clustal W program. The selection of these guanylyl cyclase
sequences was based on the catalytic domain searching described by
Ludidi and Gehring (2003). GenBank accession numbers for the se-
quences are H. sapiens, NP_000171; D. melanogaster, NP_524603; C.
elegans, NP_494995; A. thaliana, AAM51559; Synechocystis sp,
NP_440289; T. rubripes, BAB60905; X. laevis, BAA83786; D. dis-
coideum, CAB42641; Z. mays, DQ372067. The scale bar represents an
evolutionary distance of 0.1 amino acid substitution per residue
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overall gene structure and putative amino acid sequence to
the previously characterized GC from Arabidopsis (Atgc1)
is striking. Both genes have the same number of introns and
Wve of the nine exons are the same size. The greatest simi-
larities between AtGC1 and ZmGC1 are in their catalytic
and kinase-like domains. Unlike animal GCs, the catalytic
domains in the maize and Arabidopsis genes are located in
their N-termini. Both Arabidopsis AtGC1 and maize
ZmGC1 have a glycine-rich motif. In animal GCs, the gly-
cine-rich motif may function like the P-loop of GTP-bind-
ing proteins by providing Xexibility to the part of protein
that interacts with the phosphate group in GTP (Saraste
et al. 1990). Both GCs lack extracellular domains. Also, the
upstream regions of the Zmgc1 and Atgc1 lack TATA box
sequences (Ludidi and Gehring 2003). A diVerence
between ZmGC1 and AtGC1 is the putative catalytic center
of the maize protein has nine fewer amino acids. It is not
clear whether this would alter enzyme activity or substrate
dependence.

Overall the strong similarities between the maize and
Arabidopsis genes with regard to their sequence and struc-
ture suggest that they might belong to a conserved gene
family across plant species. In the GC superfamily,
ZmGC1, AtGC1, and Synechocystis GC are most closely
related. The close relationship between the two plant GCs
and their association with the GC from the cyanobacterium
Synechocystis suggests that all three sequences have a com-
mon ancestor and that perhaps the plant genes may be
derived from an endosymbiont ancestor of the chloroplast.

We identiWed six GC RFLP markers that mapped to four
linkage groups of maize and showed that GC markers on

linkage group 7 and 8 were signiWcantly associated with
resistance to F. graminearum, but jointly explained less
than 20% of the variation in disease resistance. This dis-
persed model of resistance is in accordance with earlier
Wndings, including our own QTL analyses (Ali et al. 2005),
that F. graminearum resistance is a quantitative, multigenic
trait in maize. Hart et al. (1984) suggested that additive
gene eVects condition resistance. Reid et al. (1992, 1994)
found the resistance following silk inoculation to be largely
inXuenced by a single major gene whose expression was
sensitive to environmental conditions. Chungu et al. (1996)
estimated that 5 to 14 genes with largely additive eVects
controlled kernel resistance to ear rot in maize.

Gene duplication, deletion, and conversion are thought
to happen very often at disease resistance loci (Schnable
et al. 1998). However, in the present study, in spite of the
three SNPs that were detected in the exons of the genes,
the predicted proteins from the two cultivars are identical.
These results suggest that the evolution of the GC gene
has been under tight regulation. The largest diVerence that
was observed was the 57 bp sequence that was repeated in
the 3�-UTR of the gene from the susceptible parent GC62.
UTRs are thought to play crucial roles in post-transcrip-
tional regulation of gene expression, such as, modulation
of the transport of mRNA out of the nucleus, subcellular
localization and stability (van der Velden and Thomas
1999; Jansen 2001; Bashirullah et al. 2001). ModiWca-
tions in 3� UTR-mediated functions may change the
expression of genes and can lead to abnormal gene func-
tion (Conne et al. 2000). Only two alleles of the GC gene
and mRNA were identiWed and only one allotype of the

Fig. 6 Restriction fragment pat-
terns of selected RI lines hybrid-
ized with the 3�-UTR region of 
Zmgc1-CG62. The probe was 
ampliWed using primers RFLP-F 
5�-GTTGTACATGTCCCTC-
CATGTA-3� and RFLP-R 5�-
TGGCAGAAGCGACCT-
TGAATG-3�labeled with DIG. 
(a). The lines were digested with 
EcoR-I and Wve bands were 
scored as separate markers 
(EcoR1_1, EcoR1_2, EcoR1_3, 
EcoR1_4, and EcoR_5). The 
polymorphic bands are indicated 
by arrows on the right. Portions 
of two membranes are shown 
(b). The RI population was di-
gested with EcoRV and one 
band was scored (EcoR5_1, 
indicated by arrow); RI recom-
binant inbred lines, P1 CO387 
parent; P2 CG62 parent
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putative amino acid sequence was inferred. More homolo-
gous sequences may be detected in a wider selection of
the Z. mays germplasm or by probing under low strin-
gency. The diVerences between the two alleles may result
from either post-transcriptional or translational changes in
expression.

Although the original RAPD marker segregated 1:1 in
the population and mapped to a single location the SCAR
marker that was developed for the GC sequence it con-
tained has a 3:1 (present:absent) distribution. The skewed
distribution of the SCAR marker (GC324) in the mapping
population was likely the result of priming from multiple

copies of the GC gene within the maize genome as demon-
strated by the RFLP blots.

In plants, cGMP modulates expression of many defense
and stress related pathways gene (Bowler et al. 1994). A few
studies have reported an involvement of guanylyl cyclase
gene expression with disease resistance (Durner et al. 1998;
Klessig et al. 2000). It is not known whether the maize gua-
nylyl cyclase plays direct roles in perception of host stimuli
or has roles in signal processing. Gibberella ear rot infec-
tions usually occur when the cool weather precedes wet and
warm condition during Xowering. It would be interesting to
determine if the low temperature aVects the abundance of

Fig. 7 Map positions of the 
guanylyl cyclase markers on 
maize chromosomes. The genet-
ic map was generated from seg-
regation data of molecular 
markers in the CG62 £ CO387 
RI population (Ali et al. 2005) 
combined with the GC RFLP 
segregation data generated in 
this study. Recombination dis-
tances between the markers are 
indicated in cM on the left side 
of the chromosome and the 
marker names are on the right 
side of the chromosome. The GC 
RFLP markers are boxed. Verti-
cal bars indicate QTL regions 
with a LOD > 2.0. Horizontal 
lines on the bars indicate the 
positions of the QTL peaks. 
QTL for silk resistance are 
marked by solid bars while QTL 
for kernel resistance are marked 
by hatched bars. QTL detected 
in more than one environment 
are indicated by multiple bars
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cGMP transcript in maize and how the Zmgc1 gene products
interact with other host–pathogen interaction gene products.

The results of our gene expression experiment support
the hypothesis that GCs are involved in resistance because
the overall abundance of the Zmgc1 gene transcript was
higher in the silk tissue of the resistant genotype (CO387)
than in the susceptible genotype (CG62) during most stages
of infection by F. graminearum. In addition, Zmgc1-CO387
gene transcript levels at 24 h were seven fold higher than
the levels 1 h after the inoculation, suggesting that the

pathogen infection can induce GC expression. The large
drop in expression in the infected tissue in the susceptible
line at 240 h could be attributed to the extensive cell death
that occurred in this tissue. Since we used primers that may
not distinguish the multiple transcripts that might result
from the expression of a multi-gene family, even greater
diVerences might be apparent with gene speciWc primers.

In conclusion, we have cloned and characterized a gua-
nylyl cyclase-like gene from maize, mapped multiple cop-
ies of this gene, described polymorphisms between alleles
in resistant and susceptible maize lines and shown that it is
signiWcantly associated with F. graminearum resistance
using QTL analyses and gene expression studies in tissues
challenged with the pathogen.
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