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Abstract Members of the AGAMOUS subfamily of
MADS-box transcription factors play an important role in
regulating the development of reproductive organs in
flowering plants. To help understand the mechanism of
floral development in black cherry (Prunus serotina), PsAG
(a putative flower homeotic identity gene) was isolated, and
its MIKC-type structure was shown to be a homolog of the
Arabidopsis thaliana AG gene. It was a single-copy gene in
black cherry. A phylogenetic tree derived from the protein
sequence indicated PsAG to be a C-function flower
homeotic gene with a high similarity to other AG homologs,
such as those from Prunus persica and Prunus mume.
PsAG met the criteria for AG subfamily gene structure with
a typical MIKC structure. In situ hybridization showed that
PsAG was expressed mainly in the floral meristem, such as
stamen and carpel primordia during the early stage of floral
development, and transcript of PsAG accumulated in the
tissues of the ovary, stigma, style, and stamens. When the

flowers matured, PsAG had enhanced expression in ovary,
style, and stigma, with decreased expression in the stamen.
PsAG continued to be expressed in the ovule at the late
stage of flower development. The developmental patterns
of expression were consistent with those of AG and
homologs from other species. Both phylogenetic analysis
and expression-pattern data suggest that PsAG was the
black cherry homolog of Arabidopsis AG. An RNAi
construct with a partial PsAG gene was constructed for
black cherry transformation.
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Introduction

Black cherry (Prunus serotina Ehrh.) is a valuable
hardwood in the eastern USA and Canada. Demand for
high-quality black cherry wood is increasing, and there is a
need to establish plantations with improved black cherry
trees. Genetically improved trees containing foreign genes
are subject to government regulatory guidelines for field
planting because of the potential for dispersal of transgenic
pollen, and the environmental impact could be difficult to
predict and control (Meilan et al. 2001). Most scientists
agree that transgenic crops pose little risk of ecological
impact since crops are highly domesticated, and the ability
to hybridize with wild relatives is very low. For transgenic
trees, such as black cherry, genetic containment is desirable
because commercial clones have undergone little domesti-
cation, and several characteristics of black cherry make
extensive, long-distance gene flow likely. Black cherry
produces abundant pollen and seeds, and long-distance
movement of pollen is promoted by wind dispersal
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combined with tree height. To reduce the dispersion of all
genes, engineering reproductive sterility will help simplify
the impact and thus facilitate regulatory and public
approval (Strauss et al. 1995). This will allow landowners
to plant transgenic trees without concern for the effect on
the ecosystem. However, information on the basics of black
cherry flower and fruit development was generally lacking
(Stairs and Hauck 1968).

Studies in Arabidopsis using floral homeotic mutants led
to a simple combinatorial model (Coen and Meyerowitz
1991) that proposes three classes of genes namely A, B, and
C to be expressed in adjacent, overlapping whorls of a
flower. With the isolation of new MADS-box genes
specifying ovule development from Petunia hybrida, the
ABC model was extended to the ABCDE model, which
includes D- and E-function genes (Honma and Goto 2001;
Theissen and Saedler 2001). All of the genes involved in the
model encode type II MADS-box proteins except for two
APETALA2 (AP2) genes, which belong to another group of
transcription factors. Among the floral MADS-box genes,
AGAMOUS (AG) was the only C-function gene, first isolated
from the model plants Arabidopsis (Yanofsky et al. 1990)
and Antirrhinum majus (Coen and Meyerowitz 1991).

In Arabidopsis, AG was the only C-function gene that
has been identified and extensively elucidated, while in
other species such as cucumber (Cucumis sativus), Petunia,
or Antirrhinum, multiple AG homologs control flower
development by regulatory interactions among these homo-
logs (Kater et al. 1998; Davies et al. 1999). In woody
plants, the functional homology of the AG gene has been
identified from a diverse number of species, such as palm
(Zhang et al. 2004), spruce (Rutledge et al. 1998; Tandre et
al. 1998), hazelnut (Rigola et al. 1998), birch
(Lemmetyinen et al. 2004), grape (Boss et al. 2001), poplar
(Brunner et al. 2000), gingko (Jager et al. 2003), rose
(Kitahara and Matsumoto 2000), and apple (van der Linden
et al. 2002). In situ hybridization and ectopic expression
has been widely used to assess expression pattern of AG
homologs. AG and its homologs are mainly expressed
within the floral meristem, immature stamens, and imma-
ture carpel tissues (Brunner et al. 2000; van der Linden et
al. 2002; Jager et al. 2003; Martin et al. 2006).

Among the floral MADS-box genes, AG functions
sequentially in the establishment of the determinate floral
meristem and later in the development of the stamens and
carpels in the third and fourth whorls (Sieburth et al. 1995;
Martin et al. 2006). There are several criteria for character-
ization of AG homologs. First, the protein sequence has a
typical MIKC-type MADS protein structure, as with other
AG homologs, a highly conserved MADS domain, and
moderately conserved K domain (Fan et al. 1997). Second,
intron 8 interrupts the codon of the last amino acid which
was an ancient primary characteristic of all AG-like genes

(Kramer et al. 2004). Third, AG spatial expression was
restricted to two inner (the third and fourth) whorls, where
the stamen and carpel are normally located (Bowman et al.
1991a, b). In Prunus, the AG gene has been cloned from
peach (Prunus persica; Martin et al. 2006) by screening
cDNA libraries, and full cDNAs of AG of P. persica,
Prunus mume, and Prunus dulcis have also been obtained
(GenBank).

Degenerate primers have been widely used for cloning
AG from different tree species, such as apple (Malus
domestica; Sung et al. 2000), sweetgum (Liquidambar
styraciflua; Liu et al. 1999), ginkgo (Ginkgo biloba; Jager
et al. 2003), and fern (Ceratopteris richardii; Hasebe et al.
1998). In apple, approximately 15 MADS-box genes have
been cloned, and several of these have been characterized
(Sung et al. 1999; Yao et al. 1999; Kotoda et al. 2000,
2002; van der Linden et al. 2002; Wada et al. 2002).
Degenerate primers are mixtures of similar, but not
identical primers. The primer design was based upon
protein sequence because several different codons may
code for one amino acid primer sequence corresponding to
the variable bases. Using degenerate primers generally
reduces the specificity of the polymerase chain reaction
(PCR) amplification. The problem can be partially solved
by nested PCR to improve specificity. Degenerate primers
are designed by aligning gene sequences found in GenBank
and then synthesizing a mixture of primers corresponding
to all permutations. AG was a highly conserved gene in
many species. It is possible to use several pairs of
degenerate primers to clone MADS-box genes without
screening a cDNA library, which was a traditional method
to clone genes. The objective of the present research was to
isolate the black cherry AG gene and characterize its
expression pattern. We describe the methods to clone a
full-length cDNA of PsAG by using degenerate primers and
rapid amplification of cDNA ends (RACE) and character-
ized the PsAG expression pattern in black cherry flowers.

Materials and Methods

Plant Materials

Flowers of P. serotina from 13- to 14-year-old trees were
collected on April 25, 2007, May 2, 2007, April 24, 2008,
and May 5, 2008 near West Lafayette, Indiana. Tissues were
immediately frozen in liquid nitrogen and stored at −80°C
until used or fixed for in situ hybridization.

RNA Extraction, cDNA Synthesis, and Cloning

Total RNA was extracted from flower tissue according to
the protocol of Salzman et al. (1999). The isolation of DNA

194 Plant Mol Biol Rep (2010) 28:193–203



from black cherry leaves was performed using the DNeasy
Plant Mini Kit (Qiagen, Inc., Valencia, CA). A reverse
transcriptase PCR (RT-PCR)-based strategy was used for
cloning. To design the degenerate primers, a total of 12
published AG homologous sequences were retrieved from
GenBank and aligned with the Clustal W program. From
these alignments, several conserved regions were identified
and examined further using the OLIGO primer analysis.
Three pairs of degenerate primers (Table 1: P1F, P2F, P3F,
P1R, P2R, and P3R) were designed to amplify an internal
fragment spanning part of the MADS-box and part of the K
box.

To amplify the PsAG fragment, 2 µg total RNAwas used
for first-strand cDNA synthesis by using the ProtoScript
First Strand cDNA Synthesis Kit (New England BioLabs,
Inc., Ipswich, MA). The first-strand cDNA product was
diluted to 50 µl, and 10 µl of the cDNA synthesis product
was used for primary RT-PCR. After the internal sequence
of PsAG was obtained, gene-specific primers (5′ RACE
outer primer, 5′ RACE inner primer, 3′ RACE outer primer,
3′ RACE inner primer) were designed to clone the cDNA
ends (Table 1). Primers were designed to give PCR
products with a 250 to 350 bp overlap in order to provide
convenience in subsequent confirmation and other manip-
ulations. Total RNA isolated from immature flowers (tissue
collected on April 24, 2008) was used for cloning.

For amplification of MADS-box sequences, oligo-dT
and a degenerate primer, P2F, 5′-TN AAR AAR GCN TAY
GAR YT-3′, was chosen for primary PCR. A 50 µl PCR
reaction was prepared containing 5 µl 10× PCR buffer
(Invitrogen, Carlsbad, CA), 2 mM MgCl2, 0.2 mM each of
dNTP, 0.5 mM each of primer (P2F and oligo-dT), and 1 U
of Taq DNA polymerase (Invitrogen). The cycling program
consisted of an initial denaturation at 94°C for 4 min, 20
cycles of 94°C for 1 min, 48°C for 40 s, 72°C for 1 min,
and 25 additional cycles with fresh Taq polymerase 94°C,

50°C, 72°C, 1 min each, followed by a final extension at
72°C for 7 min. The PCR products (2 µl) were used to
provide templates for nested PCR with primers P3F
(5′-TCN GTN YTN TGY GAY GCN GA-3′) and P2R
(5′-TT YTG CAT RTA YTC DAT YTC NGC RA-3′)
corresponding to the conserved amino acid sequences
SVLCDAE and FAEIEYMQK, respectively. The thermo-
cycler program was: 3 min at 94°C, 40 cycles of 45 s at
94°C, 40 s at 55°C, 1 min at 72°C, and a final extension
step of 7 min at 72°C. PCR product was separated on 1.5%
agarose gel. Half-nested PCR was performed with primer
(P3F, P1R) using the same thermocycler program as
described previously. Several products from P3F–P2R or
P3F–P1R with the expected size between 300 and 400 bp
were purified with the QIAquick Gel Extraction Kit
(Qiagen, Inc.) and then cloned into the pGEM-T Easy
Vector (Promega, Corp., Madison, WI).

Transformation of Escherichia coli by Electroporation

E. coli DH5α competent cells were made according to the
protocol of Dower et al. (1988). The ligation product was
used for electroporation. E. coli cells were cultured on
Luria–Bertani media with appropriate antibiotics (for
pGEM-T Easy; 50 mg l−1 ampicillin). Colony PCR was
conducted by using T7 and SP6 primers. Plasmid DNAwas
isolated with the QIAprep Spin Miniprep Kit (Qiagen, Inc.),
and insert was confirmed by PCR with T7 and SP6 primers.
Twenty clones were sequenced at the Purdue University
Genomic Center (West Lafayette, IN) using the BigDye
terminator sequencing with T7 and SP6 primers. The 3′
RACE and 5′ RACE were conducted following manufac-
turer’s procedure using FirstChoice RLM-RACE Kit
(Applied Biosystems, Inc., Foster City, CA). The annealing
temperature was 60°C. PCR products were purified and
sequenced as described previously.

Table 1 Degenerate primers and RACE primers used to amplify the PsAG gene

Name Primer sequence 5′–3′ Corresponding amino acid sequence Tm

P1F GN ATH GAR AAY ACN ACN AA RIENTTN 46.7

P2F TN AAR AAR GCN TAY GAR YT LKKAYEL 47.7

P3F TCN GTN YTN TGY GAY GCN GA SVLCDAE 57.7

P3R TC RTT YTC NGC DAT YTT NG RAKIAENE 49.9

P2R TT YTG CAT RTA YTC DAT YTC NGC RA FAEIEYMQK 55.5

P1R AR YTC RTT YTT YTT NGA NCK DA IRSKKNEL 50.8

5′ RACE outer R CAGGAGCTCATTCTTCTTGGA SKKNELL 54.3

5′ RACE inner R GTTCTTCAGGTCCTTCATCTTCA MKDLKN 54.5

3′ RACE outer F GCCGAGGTTGCTCTCATAGT AEVALIV 54

3′ RACE inner F TTGAGAGGTACAAGAAGGCAT YKKACAE 53.1

SP6 CATACGATTTAGGTGACACTATAG 52

T7 TAATACGACTCACTATAGGG 48
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Determination of PsAG Intron Positions and Sizes

Five sets of primers (I1F/I1R, I2F/I2R, I3F/I3R, I4567F/
I4567R, and I8F/I8R ) (Table 2) were designed to clone
eight introns in PsAG using the corresponding sequence of
the AG gene of Arabidopsis thaliana (Yanofsky et al. 1990)
and PtAG1 in poplar (Brunner et al. 2000). Primers were
designed from the coding sequence, each primer set
bracketed a putative intron site, and the genomic structure
of the PtAG1 gene of poplar was used as a model for
looking for introns in PsAG. Genomic DNA was used as
the template for PCR amplification. PCR conditions were
as described previously, but annealing temperature was
adjusted according to each primer pair Tm value. The PCR
products were gel purified, quantified, and sequenced as
described previously.

Phylogenetic Analysis and Amino Acid Alignment

The AG homologs were identified by Blastp searches at
NCBI (http://www.ncbi.nlm.nih.gov/blast). Translation of
nucleotide sequence to protein and alignments were con-
ducted using the ExPASy translate tool (http://ca.expasy.org/
tools/dna.html). Alignment of conceptual amino acid sequen-
ces was conducted using the BioEdit program. A phyloge-
netic tree was constructed using the neighbor-joining
methods in PAUP 4b. BETA 10 (Swofford 2003); amino
acids from 0 to 49 and from 234 to 296 were excluded
because of poor alignment. The tree was bootstrapped with
1,000 interactions (node cutoff value of 50%), and A.
thaliana sequence was used as an outgroup to root the tree.

Southern Blot Analysis

Genomic DNA from black cherry was isolated, and 10 µg
genomic DNA was digested with four restriction enzymes
(Bam HI, Xba I, Xho I, and Kpn I) at 37°C in a water bath
overnight; the resulting genomic DNA fragments were
separated on 0.8% agarose gels. After electrophoresis, the
agarose gel was soaked in 0.25 M HCl for 10 min and
denaturing solution (1.5 M NaCl, 0.5 M NaOH) for 30 min;
then the DNA fragments from the gel were transferred to a
nylon membrane by the alkaline transfer method. The
transferred DNA was immobilized by UV irradiation
(Stratagene UV crosslinker, 120 mJ). The templates used
as probes were prepared by PCR amplification from PsAG
cDNA clones with gene-specific primers in nonconserved
regions (Table 1). Primer pair 5′-TTGAGAGGTACA
AGAAGGCAT-3′ and 3′ RACE inner reverse primer were
used to amplify 600 bp downstream of the MADS-domain
region. The 20 ng DNA in 45 µl TE buffer was labeled by
5 µl [α-32P] dCTP by the Rediprime II random prime
labeling system. Prehybridization was performed for at least

1 h in the hybridization solution (Sigma, St. Louis, MO,
Cat # H703) at 65°C with gentle shaking; after adding the
denatured probe, the hybridization was carried out over-
night under the same conditions. After hybridization, the
membranes were washed twice (30 min each, using the
same conditions described above) with a solution contain-
ing 2× saline sodium citrate (SSC) and 0.1% sodium
dodecyl sulfate (SDS), then once by 0.2× SSC and 0.1%
SDS at 60°C for 30 min. After washing, the membrane was
wrapped in plastic wrap and used to expose to autoradiog-
raphy film.

Tissue Embedding, In Situ Hybridization, and Microscopy

Shoot segments that contained flowers at various develop-
mental stages were collected and soaked in 4% parafor-
maldehyde fixation solution immediately after removal
from trees. Protocols for tissue fixation, embedding, and
in situ hybridization were according to Jackson (1991) and
Shu et al. (1999). Flower materials were fixed for 24 h at
4°C in fixation buffer (4% paraformaldehyde, 0.1 M
phosphate buffer, pH 7), dehydrated through a graded
series of ethanol and tert-butyl alcohol, embedded in
Paraplast® (Monoject, St Louis, MO), and sectioned to
6 µm thick with a microtome. The sections were mounted
onto ProbeOn Plus Slides (Fisher Scientific, Pittsburgh, PA)
on a 42°C slide warmer. The labeled RNA probe was a
fragment that corresponded to the PsAG cDNA and lacked
the MADS-box, but contained part of the I region and the
remaining 3′ terminal sequence, which was also used for
Southern blot analyses to test its specificity. A 600 bp
PsAG cDNA was subcloned into pGEM-T vector, and SP6
and T7 primer were used to amplify a suitable template.
The RNA probes were synthesized using the DIG RNA
Labeling Kit (Roche Applied Science, Indianapolis, IN),
and the T7 and SP6 RNA polymerases were used to
synthesize sense RNA and antisense RNA. Paraplast was
removed from tissue sections with xylene, rehydrated

Table 2 Primers used to amplify introns

Primer name Primer sequence 5′–3′

Intron 1F CTG CGT TTG CTG GCT TTG ATG

Intron 1R TTG CAG AAG GTG ACT TGA CG

Intron 2F TCA GTG CTA TGC GAC GCC GA

Intron 2R AGC TTC GGA AAC AGA TCC AG

Intron 3F TTG AGA GGT ACA AGA AGG CAT

Intron 3R CTT CTT GGA TCT GAT TCT GC

Intron 4567F GTA CTA CCA ACA AGA AGC TGC

Intron 4567R TGG TGA TTG GGT TGT AAT GC

Intron 8F GTG GAT GCA TTA CAA CCC AAT C

Intron 8R CAT TGC TGC AGG CAC ATA TT

196 Plant Mol Biol Rep (2010) 28:193–203

http://www.ncbi.nlm.nih.gov/blast
http://ca.expasy.org/tools/dna.html
http://ca.expasy.org/tools/dna.html


through an ethanol series, and then pretreated with
proteinase K (10 ngµl−1) in Tris–HCl, pH 8.0, at 37°C for
30 min. Digestion was stopped by washing with 0.2×
phosphate-buffered saline (PBS)/glycine and then rinsed
twice with PBS for 2 min each. Tissues were acetylated by
acetylation buffer (0.1 M triethanolamine, 0.5% acetic
anhydride, pH 8.0) for 10 min. After dehydrating in ethanol
baths, hybridization was performed at 45°C overnight with
1 ngµl−1 of the digoxigenin-labeled RNA probe in
hybridization solution. RNA probe was prepared in 50%
deionized formamide and mixed with prehybridization
buffer as 1:4 mix, (preparation of 1,000 µl prehybridization
solution: 500 µl 50% deionized formamide, 125 µl 10× in
situ salts, 250 µl 50% dextran sulfate, 50 µl 20 mg ml−1

tRNA, 10 µl 100× Denhart's, 65 µl ddH2O; preparation of
10× in situ salts: 100 mM Tris–HCl, pH 6.8, 3 M NaCl,
50 mM Na2HPO4, 50 mM NaH2PO4, 50 mM EDTA in
diethylpyrocarbonate-treated ddH2O) . After hybridization,
slides were washed in 2× SSC at 50°C for 30 min and twice
in 1× NTE (Tris–HCl 1 mM, NaCl 0.5 M, EDTA 1 mM,
pH 8.0) at 37°C for 5 min each. An RNase A digestion
(100 µg ml−1 in 1× NTE) was carried out for 30 min at
37°C and stopped by washing with 1× NTE at 37°C. Final
washes were conducted in 2× SSC, 1× SSC, and 0.5× SSC
for 30 min each at 42°C prior to rinsing in PBS. For
immunological signal detection, samples were incubated in
blocking reagent (Roche; 10% (w/v) in maleic acid buffer:
0.1 M maleic acid, 0.15 M NaCl, pH 7.5) for 30 min and
then for 30 min in blocking reagent containing antidigox-
igenin alkaline phosphatase-conjugated Fab fragment anti-
body (Roche) diluted at 1:5,000. Samples were washed
twice for 15 min in washing buffer (0.1 M maleic acid,
0.15 M NaCl, pH 7.5, 0.3% Tween 20). Tissues were
equilibrated in detection buffer (100 mM Tris–HCl, pH 9.5,
100 mM NaCl) for 5 min prior to incubating in the same
buffer supplemented with 0.2 mM nitroblue tetrazolium and
0.2 mM bromochloroindolyl phosphate substrates (Roche
Applied Science) for color visualization. Development
times varied between 16 h to 2 days, depending on the
signal strength and the pattern of expression. Photomicrog-
raphy was conducted using an Olympus Vanox-S micro-
scope (Olympus, Tokyo, Japan) equipped with a Sport RT
CCD camera (Diagnostic Instruments, Sterling Heights,
MI), and images were captured with a Live Spot image
analysis system.

Results

Isolation of PsAG cDNA by Degenerate PCR

RT-PCR methods enabled the use of flower buds (April
collection) as cloning materials. At this stage, stamen and

carpel primordia were just appearing, and the AG homol-
ogous gene was expected to be expressed at a high level,
versus most other MADS-box genes. Degenerate primers
were designed to be specific to AG or its homologs and to
discriminate against AG-like sequences. The nested PCR
approach was used to amplify PsAG. The primary PCR
program consisted of 20 cycles with an annealing temper-
ature of 48°C to maximize the chance of annealing, and
another 25 cycles with the annealing temperature increased
to 50°C and 55°C in nested PCR in order to maintain the
high specificity of PCR. A total of 20 clones from two
independent PCR reactions were sequenced. Among these,
BLAST similarity searches identified four clones which
were identical and homologous to the corresponding region
of AG, whereas the others were novel as no similar
sequences were found in GenBank. The longest clone was
329 bp. No AG-like or other MADS-box sequences were
cloned. The cDNA ends were identical.

In the 3′ RACE, a 750 bp product was amplified by
nested PCR. In the 5′ RACE, a 650 bp product was
amplified by nested PCR. The full-length sequence of the
PsAG cDNA was obtained by assembling internal AG and
RACE results. Partial 3′ UTR and 5′ UTR were obtained
(GenBank accession number EU938540.1).

The 729 bp predicted open reading frame of PsAG
encoded a putative protein of 243 amino acid residues. A
homology search in GenBank showed high score match
between PsAG and other AG homologs. A global alignment
of PsAG and other AG amino acid sequences revealed that
the black cherry PsAG protein was most similar to PmAG
(P. mume) and PpMADS4, a functional homolog from
P. persica. These shared 96.7% and 96.2% identity,
respectively. PsAG was also 84.7% identical with MdAG,
an AG homolog from apple (M. domestica). All of the
functional domains defined in AG were present in PsAG.
Within the MADS domain, the black cherry sequence and
many other AG sequences had only one or two conservative
amino acid substitutions (Fig. 1a). Similarity was not
limited to the MADS domain, but extended over other
regions as well. The least conserved region among AG
homologs has been in the C-terminus. A comparison in this
region revealed several short amino acid motifs that were
conserved among PsAG and AG homologs (Fig. 1a). In
summary, our sequence analyses indicated that this black
cherry cDNA was the cognate homolog of AG.

A comparison of the deduced protein sequence revealed
all of the features that were characteristic of AG homologs.
It had a typical MIKC structure with an N-terminal
extension preceding the MADS domain (Kramer et al.
2004; Fig. 1a). This was also seen in other AG homologs of
woody species. The PsAG MADS domain was highly
conserved with those of the rose family AG, such as PmAG,
PpMADS4, and MdAG with sequence similarities of up to
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(A) 
                       N  Domain                                   MADS Domain 
 
                 10        20        30        40        50        60        70        80 

PsAG     ---------------------------------MAYENT-TM-SLDS-PQRKLGRGKIEIKRIENTTNRQVTFCKRRNGL
PmAG     ---------------------------------.....K-S.-....-................................
PpMADS4  ---------------------------------.....K-S.-....-................................
MdAG     ---------------------------------....SK-SL-....-................................
MdAG2    ---------------------------------.EFP.QAPE----.SS.K.............................
BpMADS   ---------------------------------.EFQ.Q----.MSVS................................
CaMADS1  ---------------------------------.EFQ.Q----.MSVS................................
NaAG     ---------------------------------.DFQSDL.R---EIS................................
PMADS3   ---------------------------------.EFQSDL.R---EIS................................
PtAG1    ---------------------------------.E.Q.ESLE----.S.L.......V...................S..
PtAG2    ---------------------------------...Q.EPQE----.S.L.......V......................
RhAG     ---------------------------------.....KPNT-V..ADA..R............................
RrMADS   ---------------------------------.....KPNT-V...DA..R............................
 
              MADS Domain                        I Domain                     K Domain 
 
                 90       100       110       120       130       140       150       160
         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

PsAG     LKKAYELSVLCDAEVALIVFSNRGRLYEYANN-SVKETIERYKKACAESTNTGSVSEASTQYYQQEAAKLRAQIRNLQNS
PmAG     ................................-.........................................G.....
PpMADS4  ................................-........................................TG..... 
MdAG     ................................-...G........S.D.S......................R.VK...D
MdAG2    ................................-..RA..D.....Y.DP..S......N..F.....S...R...EI...
BpMADS   ..............I......S..........S...T............S.S......N..F.........G...SV...
CaMADS1  ..............I......S..........S...T..........D.S.S......N..F.........G...SV.D. 
NaAG     .....................S..........-...A.........SD.S....I...NA.......S......G....Q
PMADS3   .....................S..........-...A.........SD.S....IA..NA.......S......G....Q
PtAG1    .....................S.......S.D-...S........S.D.S........NA...........S..G..... 
PtAG2    .....................S.......S..-...S..........D.S.N......NA.F.........S..G.....
RhAG     .............................S..-..R...........D.S.N......T...............TT....
RrMADS   .............................S..-..R...........D.S.N......T...............TT....
 
                       K Domain                                           C Domain 
 
                 170       180       190       200       210       220       230       240
         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
PsAG     SRNMMGESLSSMKMKDLKNLESKLEKGISRIRSKKNELLFAEIEYMQKREIDLHNNNQLLRAKIAENERSQQN-----IN
PmAG     ..H.........N...............N............................................-----..
PpMADS4  ..H.........N...............N............................................-----..
MdAG     N.....DA.N..SV....S..N....A.......................L..................ASRT-----L.
MdAG2    N.HIL..A...LNA.E.....GR..............M..S...F.....TE.QHH.NF..........EE.Q----HTH
BpMADS   N.HLL..A..ELNF.E.....I......NK....................AE......I..........N...-----L.
CaMADS1  N.H.L..A..ELNF.E.....KN.....N..........L......H...V.......F..........N...-----L.
NaAG     N...L....AALSLR......Q.I.....K............................Y.......T..A..QQQQQQM.
PMADS3   N..FL....AALNLR..R...Q.I.....K..A.........................Y.......T.....------M.
PtAG1    N.H.L..A...LSV.E..S..IR...........................V.............S....KR.S-----M.
PtAG2    N...L.....ALSV.E..S..I......G........................................KR.H-----M.
RhAG     N.GY.A.G..N.SI.E..GV.T....A.......................L..............D...H..S-----..
RrMADS   N.GY.A.G..N.SI.E..GV.T....A.......................L..................H..S-----..
 
                             C Domain 
 
              250       260       270       280       290           
         ....|....|....|....|....|....|....|....|....|....|....|... 
PsAG     VMAGGG--SYEIMQ-SQPY------DSRNYFQVDALQPN-HQYNS---RQDQMALQLV  
PmAG     ......--......-....------........N.....-.....---...P......  
PpMADS4  ......--......-....------........N.....-.....---...P......  
MdAG     ......TS..D.L.-....------........N.....-....P---.H..IS....  
MdAG2    M.P.TS---.DQSMP.HS.-------D..FLPAVI.ES.NNH.P----H.V.T.....  
BpMADS   ..P...--N..L..-..S.------...T..........H-H.P----....IP....  
CaMADS1  ..P...--N..L..-..SF------..............H-H.P----..........  
NaAG     L.P.SS--...--LVPP.HQ----F.T...L..NG..T.-NH.T----....PS....  
PMADS3   L.P.SS--..D--LVPPQQS----F.A...L..NG..T.-NH.P----....PP....  
PtAG1    L.P..A--DF.--IVQSQP-----Y.....S..NG...A-SH.S----H.........  
PtAG2    L.P..V--NF.--IMQSQP-----F.....S..NG.P.A-NH.P----HE..LFS---  
RhAG     AI...HG-......PT..FH-----EA......N..E..I...S----.H..IS....  
RrMADS   AI...HG-..D...PT..FH-----EA......N.....I...S----.H..IS....  
                              Motif I               Motif II 

(B) PsAG gene structure  
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100% (Fig. 1a; Table 3). The sequences of the other
domains were more variable, but showed that black cherry
PsAG was more similar to PmAG and PpMADS4 than
PtAG1 (Table 3). The C domain of PsAG possessed the AG
motif I and AG motif II sequences (Fig. 1a), which were
particularly conserved in lineage that includes the clade
with AG and MdMADS15 (Kramer et al. 2004). The
sequence data indicated that PsAG was structurally very
similar to the homologs of A. thaliana AG and in particular
those from other woody species such as P. persica and
P. mume.

Relationship Among Members of the AG Subfamily

Different species of AG homolog was compared at the
protein level (Table 3). Previous phylogenetic analysis
using MIK region revealed that most plants MADS-box
genes were organized into monophyletic clades; these
clusters generally corresponded to groups of genes that
shared related functions (Purugganan et al. 1995). Based on
these studies, we selected a representative subset of dicot
MADS-box genes to show that PsAG belongs to members
of AG clade. A phylogenetic tree (Fig. 2) estimated by
maximum parsimony had a similar topology (data not
shown), though a few differences were apparent. PsAG was
most closely related with PmAG and PpMADS4 with a 94%
bootstrap support.

Genomic Organization of the PsAG Gene

Because the AG gene belongs to the dicot C-group, many
investigators have reported that the AG gene had a
particular intron–exon structure with eight introns at
conserved positions (Yanofsky et al. 1990; Rutledge et al.
1998; Tandre et al. 1998; Brunner et al. 2000; Kramer et al.
2004). To understand the evolution of genomic organization
in the genes of AG family, we determined the intron
positions of the PsAG gene. The intron–exon pattern of the
PsAG gene was shown in Fig. 1b. Intron 8 was 136 bp in
size, which was exactly the same size as the peach intron 8,
and larger than intron 8 from A. thaliana AG, which was
109 bp. Furthermore, the DNA sequence of the genomic
clones revealed the presence of intron 8 that interrupts the
last codon of the protein (Fig. 1b). Intron 8 was found in all
members of the AG subfamily (Kramer et al. 2004). We
failed to clone intron 2 by using primer I2F/I2R, but it was
possible that the size of intron 2 was too large for PCR by
using general Taq DNA polymerase. In AG homologous

Table 3 Comparison between PsAG and related genes in the MADS
and K domains and full-length amino acid sequence

AG
homolog

MADS
(%)

K domain
(%)

Full-length identity
(%)

PmAG 100 96 96.7

PpMADS4 100 95 96.2

MdAG 100 83 84.7

PtAG1 94.5 79 76.3

AG 98.1 67 70.3

Fig. 1 a The sequence of AGAMOUS homologs from a range of plant
species. Included are PmAG (ABU41518; P. mume), PpMADS4
(AAU29513; P. persica), PsAG (EU938540.1; P. serotina), RhAG
(AAD00025; Rosa hybrid), RrMADS (BAA90744; Rosa rugosa),
MdAG (CAC80858; M. domestica), BpMADS (CAB95649; Betula
pendula), CaMADS1 (AAD03486; Corylus avellana), MdAG2
(AQ03090; M. domestica), NaAG (Q 43585; Nicotiana tabacum),
PMADS3 (Q40885; P. hybrida), PtAG1 (AF052570; Populus tricho-
carpa), and PtAG2 (AF052571; P. trichocarpa). The domains were
indicated by different shades, and conserved amino acids were
highlighted. Motifs I and II within the C domain were indicated.
Introns positions were indicated by arrows. b PsAG gene structure.
Exons are depicted in gray and introns by lines. The position of
translational start and stop codons were indicated with triangles

R NaAG

PMADS3

CUM1

TcAG

PtAG1

PtAG2

CuMADS

JrAG

PmAG

PpMADS4

PsAG

RhAG

RrMADS

MdAG

BpMADS

CaMADS1

MdAG2

ArabAG

0.05 changes

Fig. 2 Phylogenetic analysis of MADS-box genes related to
P. serotina PsAG. The neighbor-joining tree was generated by Clustal
W. The numbers next to each node give bootstrap values from 1,000
replicates. GenBank accession numbers of amino acid sequences used:
ArabAG (X53579; A. thaliana), PmAG (ABU41518; P. mume),
PpMADS4 (AAU29513; P. persica), PsAG (EU938540.1; P. serotina),
RhAG (AAD00025; R. hybrid), RrMADS (BAA90744; R. rugosa),
MdAG (CAC80858; M. domestica), CUM1 (AAC08528; C. sativus),
BpMADS (CAB95649; B. pendula), CaMADS1 (AAD03486;
C. avellana), MaAG2 (AQ03090; M. domestica), NaAG (Q 43585;
N. tabacum), PMADS3 (Q40885; P. hybrida), PtAG1 (AF052570;
P. trichocarpa), PtAG2 (AF052571; P. trichocarpa), CuMADS (BAF
34911; Citrus unshiu), TcAG (ABA 39727; Theobroma cacao), JrAG
(CAC 38764; and Juglans regia)
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genes, intron 2 was 5 to 7 kb long (Brunner et al. 2000). All
other introns were retrieved in PsAG at the same position as
in PtAG1. Intron sizes were moderate, being generally
larger in PsAG than in AG, but shorter than PtAG1. Similar
to other known MADS-box genes, exons in the PsAG gene
did not correspond exactly to protein domains (Shore and
Sharrocks 1995). For example, the K domain spans three
exons, while the MADS domain only exists in one exon.

Southern blot analysis using a black cherry gene-specific
probe derived from the PsAG cDNA 3′ end demonstrated
the presence of only a single PsAG gene in the genome of
black cherry (Fig. 3). The restriction fragment pattern was
different for different enzymes. It indicated that Kpn I cut
genomic DNA sequence of PsAG once because it resulted
in two hybridization bands when genomic DNA was
digested with this enzyme. Sequencing data confirmed this,
and it is at 871 bp at 3′ UTR.

In Situ Hybridization

The expression patterns of PsAG in various floral tissues at
different stages were shown in Fig. 4. Longitudinal sections
were hybridized with an antisense or sense probes. In the
early stages of flower development, PsAG transcripts were
present in the corolla and ovary primordia (Fig. 4b). PsAG
mRNA could be seen in the immature corolla and immature
ovary (Fig. 4d). At the middle stage of flower development,
the PsAG gene signal was apparent in mature pollen,
anthers, filament, but not in the corolla (Fig. 4f). Once the

ovaries developed in the late spring, PsAG mRNA could be
seen to accumulate in the ovary (Fig. 4g), and expression
decreased in the stamen, but was enhanced in the ovule
relative to the earlier floral development stage. During the
late stage of flower development, PsAG mRNA continued
to accumulate at high levels in the ovules (Fig. 4h). PsAG
transcripts were not detected in the flower using sense RNA
probes (Fig. 4a, c, e). In the late floral development stage,
AG RNAwas present in integuments, becoming restricted to
the endothelium (cell layer surrounding the embryo sac) in
mature ovules (Fig. 4i). This pattern was expected for
C-function genes such as A. thaliana AG, and this matches the
observations made by in situ hybridization from other studies
(Bowman et al. 1991a, b; Coen and Meyerowitz 1991).

Discussion

Phylogenetic analysis with various angiosperm genes have
revealed that MADS genes contain highly conserved motifs
(Kramer et al. 1998; Vandenbussche et al. 2003; Kramer et
al. 2004). Kramer et al. (2004) reported that the AG gene
family had two monophyletic groups, namely the C-class
genes and the D-class genes. Studies revealed that all plant
AG homologs had the characteristic MIKC (MADS,
intervening, keratin-like C-terminal) domain structure that
was characteristic of the type II or MIKC-type MADS-box
proteins (Kramer et al. 2004). Over 100 MADS-box genes
in A. thaliana (Martinez-Castilla and Alvarez-Buylla 2003;
Parenicová et al. 2003) have been isolated. A large number
of MADS-containing genes were expected to be present in
black cherry. A comparison of the deduced protein
sequence indicated that PsAG was an AG homolog
(Fig. 1a). First, it had a MIKC structure with an
N-terminal extension preceding the MADS domain. Sec-
ond, intron 8 fell within the last codon of the protein
(Fig. 1b), which happens in all members of the AG
subfamily (Kramer et al. 2004). Third, PsAG had AG
motifs I and II (two diagnostic amino acid motifs) in its
C- terminal region, as defined by Kramer et al. (2004).
Fourth, the expression pattern was restricted to the two
inner whorls, where stamens and carpels were situated.

The intron 2 of A. thaliana was about 3 kb and contains
functionally important regulatory sequences for AG expres-
sion. In PsAG, intron 2 was about 5 to7 kb, much larger
than that of A. thaliana. Intron 2 of PsAG might contain
more complex regulatory sequences than that seen in AG.
Previous studies indicated that intron 2 was important for
its normal expression pattern (Deyholos and Sieburth
2000). The 3′ sequence of intron 2 was required for AG
carpel-specific expression, while sequence within the 5′ part
of intron 2 was required for stamen expression (Sieburth
and Meyerowitz 1997; Deyholos and Sieburth 2000). The

Fig. 3 Southern blot analysis of the PsAG gene. Genomic DNA was
digested in lane 1 by Bam HI, lane 2 Xba I, lane 3 Xho I, and lane 4
Kpn I; a single band was observed in lanes 1–3 suggesting that PsAG
was a single-copy gene. Two hybridization bands were observed in
lane 4 indicating that Kpn I cut within the genomic sequence of
PsAG once
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Fig. 4 In situ hybridization. Signals were in blue or purple and
indicated by arrows. a–b, c–d, and e–f were pairs; sections came from
the same flower sample. a, c, and e Controls, hybridized with sense
probe. b PsAG showed expression in corolla and ovary primordia; d
expression in the corolla, immature ovary, and stamen; f PsAG mRNA
could be seen in the pollen, anthers, but not in the corolla; g the late

stage of flower development, PsAG transcript expression decreased in
the stamen but was enhanced in the ovary; h PsAG expressed in the
ovules and disappeared in the stamen; i PsAG RNAwas present in the
endothelium in mature ovules. Scale bar=200 µm, co corolla,
immature petals; ca carpel; ova ovary; ovu ovule; sa stamen; sti
stigma; st style; po pollen; an anther
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level of AG expression was determined by cis-regulatory
elements localized in intron 2 (Hong et al. 2003). Fusing
A. thaliana AG enhancer elements from intron 2 with 35 S
promoter and DT or Barnase imparted transgenic
A. thaliana with 68% and 89% ablation of stamens and
carpels, and the resulting plants were completely sterile
(Liu and Liu 2008). In tobacco, a 1,853-bp nucleotide
sequence from the 3′ end of the second AG intron was fused
with AG and Barnase (AG-I-35 S::Barnase) and resulted in
98% sterility in transgenic tobacco (Wang et al. 2008). The
regulatory regions in woody species have not yet been fully
elucidated. However, it would be valuable information for
engineering reproductive sterility.

We characterized the expression pattern of an AG gene
from P. serotina. The pattern of PsAG expression was
typical of C-function floral genes (Bowman et al. 1991a, b).
The expression pattern of the PsAG was analyzed by RT-
PCR and in situ hybridization. Using total RNA isolated
from stems, leaves, and flower buds, the RT-PCR revealed
that PsAG was expressed specifically in flowers (data not
shown). No transcript was detected in vegetative tissues
such as stems and leaves. However, in situ hybridization
detected low levels of expression in the corolla at the early
stage of flower development, which disappeared when the
flowers matured. This was similar with what has been
observed in poplar and apple, where AG had low
expression in vegetative tissues such as leaves (Brunner et
al. 2000; van der Linden et al. 2002). In situ hybridization
revealed that PsAG transcripts accumulated in floral
primordia and developing flowers in the inner two whorls.
The high level of expression of PsAG detected in the carpel
throughout flower development from early stage until
flowers matured supported that PsAG was a C-function
gene. This result was consistent with the expression pattern
in PpAG (Martin et al. 2006) and MdMADS4 (Sung et al.
2000).

It was reported that in the Evergrowing peach mutant, a
mutation in one of the MADS-box genes affects the ability
to enter dormancy and survive in southern Mexico
(Bielenberg et al. 2004). This also demonstrated that
controlling important qualities can be achieved by
MADS-box transcription factors. In our study, an RNAi
construct was generated with the PsAG gene, without its
MADS-box domain, into a binary vector. In A. thaliana,
80% of transformants were silenced using a similar type of
construct (Wesley et al. 2001). It is anticipated that
expression of this construct will lead to the silencing of
the PsAG and impart sterility in black cherry. This RNAi
construct is currently being used in studies for transforma-
tion of black cherry.
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